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ABSTRACT
INTERACTION OF SPLICEOSOMAL U2 snRNP PROTEIN p14 WITH ITS BRANCH
SITE RNA TARGET
by
William Perea Vargas
Adviser: Professor Nancy L. Greenbaum
Newly transcribed precursor messenger RNA (pre-mRNA) molecules contain coding sequences
(exons) interspersed with non-coding intervening sequences (introns). These introns must be
removed in order to generate a continuous coding sequence prior to translation of the message
into protein. The mechanism through which these introns are removed is known as pre-mRNA
splicing, a two-step reaction catalyzed be a large macromolecular machine, the spliceosome,
located in the nucleus of eukaryotic cells. The spliceosome is a protein-directed ribozyme
composed of small nuclear RNAs (snRNA) and hundreds of proteins that assemble in a very
dynamic process. One of these snRNAs, the U2 snRNA, is an important component of the
human spliceosomal catalytic core that pairs with the intron through the branch site interacting
region. These interactions are stabilized by the presence of several protein splicing factors. One
splicing factor, p14, is the only protein shown to interact directly with the branch site in the fully
assembled spliceosome. In this research we have used electrophoretic mobility shift assays
(EMSA) and nuclear magnetic resonance (NMR) under non-denaturing conditions to establish
the structural and or functional role of this splicing factor. Our EMSA results show that p14,
which contains a RNA recognition motif (RRM), binds duplex RNA representing the branch site
helix (BP) with weak affinity (KD in the range of 200-400 M). However, p14 also binds
iv

single-stranded (ss) RNA and even a non-related double-stranded (ds) DNA; therefore, any
binding appears to be nonspecific for sequence or pairing status. The p14 protein also interacted
with a fragment representing the SF3b155 protein, a natural binding partner in the spliceosome
forming a stable and strong complex. Our NMR studies show that ten cross-peaks of 15N-labeled
p14 were perturbed upon interaction with BP. Calculations of the magnitude of the chemical
shift changes upon titration of RNA into the protein solution suggested KD values of ~150 M.
However, perturbations in the presence of ss intron, ssU2 snRNA or dsDNA of a different
sequence are similar to those with the branch site duplex, further supporting the finding from
EMSA that interaction is non-specific for sequence, pairing status, or even nucleic acid. In the
presence of the SF3b155 fragment, most of the p14 cross-peaks were perturbed consistent with
extensive protein-protein contact. In this case, addition of the RNA duplex resulted in shifts in
only a subset of the cross-peaks in p14 seen in the absence of SF3b155 but with similar affinity.
Our NMR data imply that p14 interacts with RNA through very electropositive regions located in
its RNP2 motif and a β-loop, with or without the SF3b155 fragment. However, no residues on
β3, the RNP1 motif that usually interacts with ssRNA in RRM proteins, showed significant
perturbation. Affinity, as determined by NMR titration, for BP and an RNA duplex without the
branch site (BPΔA) were very similar. However, the overall magnitude of chemical shift
perturbations was larger for BP than for BPΔA, which we speculate is related to the highly
negative surface potential of BP in the major groove. Taken together, p14 interacts with the
branch site RNA and the binding appears to be of an electrostatic nature between the
electropositive patch of RNP2 and the negative backbone of the RNA. Thus, we speculate that
the role of p14 in human spliceosome is an electrostatic spacer as a cofactor of SF3b155 to
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screen backbone charges of the branch site RNA during spliceosome assembly to protect branch
site from premature chemical activity prior to formation of the spliceosome’s active site.
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1. INTRODUCTION AND CONTEXT
Many of the fundamental biological processes in the living cell are performed by proteins and
nucleic acids. From scaffolding and catalysis to storage and transfer of genetic information these
biopolymers rely in their structure, which is dependent upon the sequence of subunits having
unique chemical composition, for their proper interaction and function. Proteins and ribonucleic
acids (RNA) interactions are implicated in two of the most complex and important biological
machines: the ribosome and the spliceosome. While the ribosome is responsible for protein
synthesis (translation), the spliceosome catalyzes RNA splicing, the removal of intervening (noncoding) sequences from precursor messenger RNA (pre-mRNA) molecules. This splicing
activity provides a critical step in the maturation and regulation of the RNA molecules carrying
the genetic information stored in DNA. How the interactions involved in the different steps of
splicing occur is of fundamental interest, as errors or disruptions may result in deleterious effects
(Sing and Cooper 2012, Douglas and Wood 2011, Poulos et al. 2011, Faustino and Cooper
2003). Here we characterize the interaction of a small protein splicing factor in its interaction
with RNA molecules critical in the first (of two) cleavage step of pre-mRNA splicing in solution
by low and high resolution methods.

1.1 Proteins
Proteins are polypeptides, linear chains of amino acids covalently linked by amide bonds
between the carboxylic acid end of one amino acid and the amine group of the next amino acid.
Human proteins are composed of up to 21 different amino acids; the type and sequential order of
the amino acids is dictated by the sequence of nucleotides in the messenger RNA (mRNA).

Except for glycine, which is achiral, the natural occurring amino acids have the L configuration
about the α-carbon (figure 1.1). Besides its primary structure, a biopolymer usually folds into a
specific three-dimensional structure in order to perform its function. In the case of proteins, large
parts of a polypeptide may fold into two main secondary structures, α-helices and β-strands,
typically connected by turns or loops and long-range interactions that contribute to generation of
a tertiary structure (figure 1.2). This folding generates domains that are classified as -domains
(built-up of -helices, e.g. haemoglobin), -domains (composed of antiparallel -sheets, e.g.
chymotrypsin), the / domains (a parallel -sheet surrounded by -helices, e.g. thioredoxin),
and the + domains (a combination of  and b-domains distant in the amino acid sequence, e.g.
lysozyme) (reviewed in Cozzone 2002).
Depending on the fold, function and/or mode of recognition, proteins can be grouped into
different folding families that, in many cases, are related to their function. The SCOP2
(Structural Classification of Proteins 2 Database) organize them into four categories: 1) protein
types (soluble, membrane, fibrous and intrinsically disordered), 2) evolutionary events, 3)
structural classes (, , / and +), and 4) protein relationships (evolutionary, structural and
other non-hierarchical relationships) (Andreeva et al. 2014). Many proteins exist as subunits
(quaternary structure) that can interact with each other by polar and non-polar interactions. The
subunits can be identical or not, and may or may not be active when the subunits are separated.
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Figure 1.1 Structure of polypeptide chain (center) and the most common amino acid side chains.
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Figure 1.2 Protein secondary structures represented in ribbon diagrams. Only one type of hairpin
loop is shown. Adapted from http://asadali1993.wordpress.com/2013/03/29/alpha-helix-andbeta-pleated-sheets/ and from Richardson, J. S., 2007
http://kinemage.biochem.duke.edu/teaching/Anatax/html/anatax.2c.html

1.2 RNA and DNA

The chemical structure of a RNA biopolymer is a polynucleotide formed by nucleotides linked
covalently between the C3 of a ribose sugar of one nucleotide subunit and the phosphate group
and C5 of the next ribose; each nucleotide is characterized by a heterocyclic nitrogenous base,
attached to the ribose through its C1. The common bases are purine derivatives (adenosine, A
and guanosine, G) and pyrimidine derivatives (uridine, U and cytidine, C) (Shown in figure 1.3).
Besides these nucleotides, there are other post-transcriptionally modified nucleotides found
naturally. The most abundant of these are the 2O-methyl ribose and the pseudouridine, a
rotational isomer of uridine with an important impact on structure and function (reviewed in Ge
4

and Yu 2013). The sequence of bases/nucleotides is related to the sequence of nucleotides
dictated by the sequence in the DNA from which it is transcribed. For messenger RNA, this
sequence will specify the order of amino acids to be added to a growing polypeptide during
protein synthesis in the ribosome (through translation). This makes DNA the ultimate genetic
encoding molecule of all known living organisms and some viruses.
RNA is transcribed as a single strand from one strand of a DNA template. The resulting
polynucleotide chain may fold into secondary structures (e.g. hairpins, bulges and loops) that are
stabilized by Watson-Crick base pairing, usually between A and U or between C and G. There
are other non-Watson-Crick base pairing between G and U (G-U Wobble), and between A and C
(A-C Reverse Hoogsteen) (Depicted in figure 1.4). These base pairings are stabilized by
hydrogen bonds that result in short double helical structures, which, upon folding, give rise to the
final RNA three-dimensional structure. RNA double helical structures are antiparallel, righthanded helices of the A-type form with a C3-endo conformation of the ribose (figure 1.5). RNA
tertiary structure is generated by folding of two or more secondary structures. They are mainly
stabilized by base pairing and base stacking interactions. Non Watson-Crick base pairings also
contribute to formation of base triples. The phosphodiester backbone and ribose play important
roles in the tertiary interactions. Although the number of families based on the fold is not as
numerous as the ones observed in proteins, there are important three-dimensional RNA folds.
Among these, the tRNA, the hammerhead ribozyme (HHR, reviewed in Hammann et al. 2012),
and some domains from group I and group II self-splicing introns. As in the case of proteins a
quaternary structure is also observed in RNAs that associate as subunits. The most remarkable
example is the spliceosome which relies in essential RNA-RNA interactions for its function.
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The chemical structure of DNA, as in RNA, is a polynucleotide composed of four different
nucleotides. However, the sugar found in DNA is 2-deoxyribose sugar and the common bases
are adenosine, guanosine, cytidine and thymidine (T) instead of uridine. The DNA structure is a
double helix, because both strands are replicated simultaneously prior to cell division, this
double helical conformation is maintained. The most common helix is a B-type form with a C2endo conformation of the ribose (depicted in figure 1.5). The structural differences in the helical
forms particularly in the shape and width of the major groove are important in the different
recognition of the nucleic acid by proteins.

6

Figure 1.3 Structure of polynucleotide chain in RNA (center) and its nucleobases. The most
abundant post-transcriptional modified base, pseudouridine (), a rotational isomer of uridine
found in many classes of RNA except mRNA has been included.

Figure 1.4 The most common base pairing (left) and secondary structures (right) in RNA.
Adapted from Tinoco Jr., I., 2001 http://www.cchem.berkeley.edu/intgrp/tinoco.pdf.
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Figure 1.5 Canonical conformation of nucleic acid double helical structures. Left:Conformation
of ribose. Middle: Side view of helix. M: Major groove; m: Minor groove. Right: Top view of
the helix. Adapted from: Soukup, G. 2001 and Schwalbe, H., 2015, http://www.biozentrum.
unibas.ch/personal/grzesiek/embo07_nmr/skripts/Schwalbe/nmr_on_rna_for_hs.pdf.

1.3. Protein-Nucleic acid interactions
The different processes observed in DNA like storage, replication and transcription, require
DNA-interacting proteins. The DNA-binding domains are diverse and some of them are
8

sequence specific. The helix-turn-helix motif recognizes DNA through the second helix (F-helix)
while the side chains are important in the binding specificity through hydrogen-bonding and
hydrophobic contacts with the bases. The zinc finger, common in eukaryotic factors, has a zinc
ion usually coordinated by two cysteines and two histidines. The structure with a  topology
is stabilized by the zinc ion and interacts with triple base-pair segments in the major groove of
the DNA helix. The protein-DNA interaction occurs through hydrogen bonding between the
arginine residues in the -helix and guanine bases. The leucine zipper consists of two helices
interacting with each other (coiled coil) and in each of them the sequence is arranged in modules
of seven residues where the fourth residue is a leucine. These zippers can form homodimers
(same transcription factor) or heterodimers (different transcription factors) that are stabilized by
complementary charge interactions between the two helices from charged side-chains in
particular positions of the helices. The helix-loop-helix (HLH) domain has a DNA binding
region composed of basic amino acids that binds the consensus sequence CANNTG (where N is
any nucleotide). These domains can participate in formation of homodimers and heterodimers
and even combine with a leucine zipper motif to form the b/HLH/zip family of proteins. The
TATA-box binding proteins (TBP) are composed of two / structural domains with the Cterminal region binding to the consensus sequence TATA. The binding occurs in the minor
groove and promotes DNA bending. The interaction is mostly hydrophobic between the side
chains of residues from eight central -strands and both the phosphate sugar backbone and the
minor groove of the eight nucleotides of the TATA box (Branden, C., and Tooze, J. 1999).
Other DNA binding domains include the winged helix and the winged helix-turn-helix (reviewed
in Gajiwala and Burley 2000), the HMG (high mobility group)-box (reviewed in Stros et al.
2007), the White-Opaque regulator 3 (Wor3) domain (Lohse et al. 2013), the OB-fold domain
9

(reviewed in Arcus 2002), the B3 domain (Wang, et al. 2012), and the TAL (Transcription
activator-like) effector DNA-binding domain (reviewed in Boch and Bonas 2010).
The protein-RNA interactions involve numerous and diverse types of RNA-binding domains
(RBD). The RNA recognition motif, RRM, family also known as the RNP motif
(Ribonucleoprotein motif) is a peptide sequence of ~80-90 amino acids with a βαββαβ topology.
This RRM contains two ribonucleoprotein domains: RNP1 (an octameric portion in 3) and
RNP2 (a hexameric portion in 1) known to mediate RNA-protein interactions involving a
single-stranded RNA target (reviewed in Maris et al. 2005). Usually the interaction occurs
between three to four nucleotides of a single stranded (ss) RNA through stacking with two
conserved aromatic residues in positions 3 and 5 on the RNP1domain and with an aromatic
residue in position 2 on the RNP2 domain (Figure 1.6). These interactions can be stabilized by
electrostatic interactions and hydrogen bonding with neighboring residues. Recent structural and
functional studies have shown that this motif is plastic in its ability to interact not only with RNA
but also with DNA and other protein partners. A classification into RRM subfamilies is currently
in use, based on the mode of non-canonical interaction between an RRM with its cognate RNA
as well subtle differences in structural features. Among these subfamilies are the quasi RRMs
(qRRMs), pseudo RRM (RRM), the UHM (U2AF Homology Motif), the occluded RRM
(oRRM) and xRRM (for atypical RRM with extended α3) (reviewed in Clery and Allain 2012).
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Figure 1.6 Left: Schematic representation of the consensus RRM motif. The four-stranded sheet with the place of main conserved RNP1 and RNP2 aromatic residues indicated in red. X is
for any amino acid (Adapted from Daubner et al. 2013). Right: Representative canonical RRM
fold, from the structure of the U1A/RNA complex (PDB:1URN) (adapted from Kielkopf et al.
2004).
Another important RBD is the Double Stranded RNA Binding Domain: (dsRBD or dsRBMs)
consisting of 65-70 amino acids with a  topology and recognizing primarily RNA
duplexes rather than sequence. This motif interacts with one face of a regular A-form helix
structure spanning 16 base pairs (two consecutive minor grooves separated by a major groove).
Their mode of interaction involves the use of residues from the 1 helix and 1-2 loop (loop 2)
to contact the minor grooves and N-terminus of the 2 helix with the preceding loop (loop 4) to
bind the major groove (reviewed in Clery and Allain 2012).
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The Arginine-Rich Motif (ARM) is another RNA binding motif characterized by approximately
10-20 amino acids many of them of the basic arginine amino acid and interacts by using a βhairpin, or a α-helix. It also interacts specifically with the RNA structure (hairpin loops, internal
loops and bulges) rather than recognizing the RNA sequence. The motif may be unstructured
when free, and become structured upon interaction with the RNA (reviewed in Clery and Allain
2012).
The K-homology motif (KH) is approximately 60-70 amino acids characterized by an 
topology (Type I) and a  topology (Type II) and an octapeptide with a sequence I-G-XX-G-X-X-I where X is a positively charged amino acid. Both types can interact with RNA or
ssDNA (reviewed in Clery and Allain 2012).
The RGG motif is characterized by 20-30 amino acids containing arginine-glycine-glycine
tripeptide repeats interspersed with aromatic residues (Houser-Scott and Engelke 2001).
The Zinc finger domain (ZnF) is a domain composed of approximately 30 amino acids with a
 topology where a -hairpin and a -helix are connected by a Zn2+ ion. Initially was
identified as a dsDNA binding domain and can be found free, as a repeated domain and in
combinations with other RBDs and forming subfamilies (like CCHH, CCCH or CCCC) based on
the amino acids that interact with the Zn ion (reviewed in Clery and Allain 2012).
Other RNA-binding domains are the cold-shock domain (CSD), the PAZ domain (present in the
enzyme Dicer) and the PIWI (P-element induced wimpy testis in drosophila) domain (reviewed
in Elliot and Ladomery 2011).
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1.4 Splicing of precursor messenger (pre-m)RNA molecules
Once DNA information is transcribed, the nascent RNA, the pre-mRNA, contains non coding
intervening sequences (introns) in between coding sequences (exons). These introns are removed
to generate a continuous coding sequence (Berget et al. 1977; Chow et al. 1977). The process
through which the cell performs this intron removal and ligation of exons is known as splicing.
The boundary between an exon and the 5-end of the intron known as the 5-splice site usually
contains a GU dinucleotide. While the junction at the 3-end of the intron and an exon, known as
the 3-splice site is usually an AG dinucleotide. These 3 and 5 termini are part of longer
consensus sequences (depicted in figure 1.7). Pre-mRNA usually contains multiple exons and
alternative patterns of splicing producing different functional mRNAs from a single pre-mRNA
are commonly observed in most human genes. This is known as “alternative splicing”, by which
the pre-mRNA is spliced at different junctions resulting in several mRNAs containing a
combination of different exons (reviewed in Lee and Rio 2015, and Clancy 2008).
The pre-mRNA splicing is a two chemical steps process characterized by two trans-esterification
reactions. During splicing, the 2-hydroxyl group of an adenosine in a region known as branch
site in the intron performs a nucleophilic attack on the phosphorus of the phosphodiester bond
linking the 5-exon and the intron (the 5 splice site). This displaces the 5-exon and forms an
intron-3-exon in a branched or lariat configuration. Next, the 3-hydroxyl group of the 5-exon
performs a second nucleophilic attack on the phosphorus atom of the phosphodiester bond
between the intron and the 3exon (the 3splice site), displacing the intron in a lariat form and
ligating the exons (figure 1.8). These reactions rely in the proper recognition of the 5splice site,
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the branch site, the polypyrimidine tract and the 3splice site whose conserved sequences in
metazoans are depicted in figure 1.7.

Figure 1.7 Conserved sequences at the 5-splice site, 3splice site and branch site of U2-type premRNA introns in metazoans. Nucleotides are abbreviated as follows: R=purine (A or G),
Y=pyrimidine (C or U), Y(n) = polypyrimidine tract, N=any nucleotide (Adapted from Will and
Lührmann 2011).

Figure 1.8 The splicing reactions (Adapted from Brow 2002).
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1.5 The spliceosome
The splicing complex that catalyzes pre-mRNA splicing is the spliceosome. The spliceosome is
a dynamic ribonucleoprotein “machine” localized in the nucleus of eukaryotic cells. It is
composed of five uridine-rich small nuclear RNA (snRNA) named U1, U2, U4, U5 and U6;
specific proteins that, along with snRNAs, form small nuclear ribonucleoprotein particles
(snRNPs), and a large number of non-snRNPs protein splicing factors. The assembly of a
spliceosome is characterized by a highly dynamic and well-orchestrated process: an early
complex (the E complex) is formed upon the recruitment of the U1 snRNP to the 5splice site,
while SF1 and U2AF factors interact with the branch site (BS) and the polypyrimidine tract,
respectively. Next, the pre-spliceosome complex (A complex) is formed by the association of the
U2 snRNP with the BS RNA. Then the U4/U6.U5 tri-snRNP is recruited to form what is known
as the pre-catalytic spliceosome (B complex) where the U4 and U6 snRNAs are base paired
extensively. The activated spliceosome, Bact complex, is generated upon the rearrangements of
several RNA-RNA and RNA-protein interactions and the destabilization and release of the U1
and U4 snRNPs. During this the U4-U6 snRNA complex unwinds and the U6 rearranges to form
the U2-U6 snRNA complex. Then, the catalytically activated spliceosome, B*, is generated upon
the activation of the Prp2 helicase. After this the catalytic step 1 spliceosome (C complex) is
formed and later rearranges to form the activated C* complex which catalyzes the second transesterification reaction. This gives rise to a post-spliceosomal complex that after remodeling
releases the mRNA product and snRNPs, which are recycled for another splicing cycle (reviewed
in Will and Lührmann 2011).
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Figure 1.9 Assembly of the U2-dependent pre-mRNA spliceosome. A: pre-spliceosome
complex, Complex A. B: pre-catalytic spliceosome Complex B. Bact: The activated spliceosome
complex. B*: the catalytically activated spliceosome. C: the catalytic step 1 spliceosome (C
complex). C*: the catalytic step 2 spliceosome complex (Adapted from Lührmann 2015
http://www.mpibpc.mpg.de/luehrmann).
There is a second type of spliceosome named the minor, or U12-dependent, spliceosome that is
responsible for splicing the rare U12-type introns (~1% of introns in metazoans) (reviewed in
Burge et al. 1998). This type of introns differs from the major-type in their 5-splice site and in
their lack of a polypirimidine track (Hall and Padgett 1994). The minor spliceosome contains
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U11 and U12 as functional analogs of U1 and U2 snRNPs and U4atac/U6atac as functional
analogs of U4/U6 snRNPs and share the same U5 snRNP of the major spliceosome (reviewed in
Patel and Steitz 2003). The reason(s) for the presence of this minor spliceosome is not known.
However, the similarities in the U2 and U12 type mechanism underscore the importance of
understanding the structural and functional roles of each of their components.
The proper assembly of the snRNAs in the spliceosome requires a diverse number of proteins.
Each of U1, U2, U4 and U5 contain a set of seven Sm proteins (B/B, D1, D2, D3, E, F and G)
while the U6 contains a set of LSm (like Sm) proteins (Lsm2-8). Also core proteins and other
proteins associated with the snRNAs are present at different stages of the spliceosome assembly.
The latest studies indicate that the human major spliceosome contains around 170 different
proteins (reviewed in Matera and Wang 2014), which along with snRNAs are tabulated in Table
1.1.
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Table 1.1. Protein and snRNA composition of the U2-dependent spliceosome. Proteins are listed
using the budding yeast nomenclature unless there is no known yeast homologue. The common
name of a metazoan homologue is also included in parenthesis. Although the Snu17 protein was
initially identified to be the yeast homologue of the human p14, the most recent experimental
evidence indicates that there is no homologue in S. cerevisiae for p14 (Adapted from Matera and
Wang 2014).
Of the five snRNAs, only U2 and U6 are directly implicated in catalysis (Black et al. 1985,
Parker et al. 1987, Lesser and Guthrie 1993, Valadkhan and Manley 2001, Valadkhan et al. 2009,
Melford and Staley 2009, Jaladat et al. 2011, Fica et al. 2013). As is shown in figure 1.10, the
spliceosomal catalytic core is formed by the pairing of U6 snRNA with U2 snRNA, forming
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short helices. The interactions are stabilized by intra and intermolecular base pairings that forms
small helices and intramolecular stem loops (ISL). The backbone of one these ISLs, the U6 ISL,
is associated with Mg 2+ ions which are part of the catalytic center and essential in the splicing
reactions (Steitz and Steitz 1993, Sontheimer et al. 1997, Yean et al. 2000, Valadkhan and
Manley 2002).
The U2 snRNA is a key component in the function of spliceosome as it forms a short U2-branch
site duplex with the intron prior the first step of splicing keeping the branch adenosine residue
bulged out whose 2-hydroxyl group is important for the first catalytic step acting as the
nucleophile in the first transesterification reaction of splicing (Parker et al. 1987, Wu and Manley
1989, Zhuang and Weiner 1989, Query et al. 1994).

Figure 1.10 RNA components of the human U2-U6 spliceosomal catalytic core. Circled the
consensus sequence of U2 paired with a segment of the intron containing the branch site studied
in this dissertation. Modified nucleotides are abbreviated as follows: m = 2O-methyl ribose,  =
pseudouridine.
19

The branch site helix is thought to be double-stranded through the A, B and C processes
(MacMillan et al. 1994). NMR studies have shown that, in the presence of a phylogenetically
conserved pseudouridine () modification in the segment of U2 snRNA strand pairing with the
intron, the branch site A is extruded from the helix (Newby and Greenbaum 2001, 2002),
resulting in a kinked backbone within the intron strand and highly electronegative electrostatic
potential surrounding the exposed 2-hydroxyl of the branch site in the major groove of the
duplex (Xu et al. 2005). These features have been confirmed by x-ray crystallography of
different branch point duplexes containing  in the conserved U2 snRNA position (Lin and
Kielkopf 2008). Besides its structural role, pseudouridine has also been shown to alter proteinRNA interactions in the spliceosome (Yu et al. 1998) or have physiologic effects (Basak and
Query 2014).
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Figure 1.11 NMR structure (left, PDB 1LPW) and surface electrostatic potential (right) of the
U2-Branch site duplex. Top: The U2-branch site oligonucleotide sequences used for the
structural studies of the branch site helix. Residues in grey were added to the native sequence for
thermal stability. Open dots indicate base pairs expected from the predicted secondary structure.
Solid dots indicate base pairs as observed in NMR spectra of exchangeable protons (figures
adapted from Newby and Greenbaum 2002, and Xu et al. 2005).

1.6 The U2 snRNP protein p14
Besides the Sm proteins and other associated proteins, the 17S U2 snRNP contains the complex
protein factors Splicing Factor 3a (SF3a) and a ~450 kDa protein factor essential for splicing
known as SF3b also present in the U12-dependent spliceosome. This SF3b complex contains
seven subunits: SF3b10, SF3b14a, SF3b14b, SF3b49, SF3b130, SF3b145 and SF3b155 (Will et
al. 2002) that, along with the SF3a complex, have been proposed to interact with U2 snRNA as
schematized in figure 1.12.
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Figure 1.12 Model of protein interactions surrounding the branch site in the pre-spliceosome.
The U2 snRNP including U2 snRNA (thick solid line) and its Sm site (black box), and a subset
of the U2-specific proteins SF3a and SF3b (ellipses) are shown schematically. Exon 2 is depicted
by a box, intron sequences by a thin solid line, the polypyrimidine tract by (Py)n and the branch
adenosine (A) and 3 splice site AG dinucleotide are in bold type (Adapted from Will et al 2001).
The spliceosome-associated protein p14 (SF3b14a, Splicing factor 3b subunit 6) is a 14kDa
subunit of SF3b that is thought to interact directly with the branch adenosine in fully assembled
spliceosome. It is the only protein in the heteromeric splicing factor SF3b shown to form such
contact by cross-linking studies, and thus is thought to be one of the proteins having an important
role in formation of the active center of the spliceosome (MacMillan et al. 1994, Query et al.
1996, Will et al. 2001). The p14 protein is highly conserved in higher eukaryotes and interacts
strongly with SF3b155 (Splicing factor 3b subunit 1) mainly to amino acids 255-424 (Will et al.
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2001). Attempts to characterize the structural basis of this interaction have been carried out by
different groups. The first electron microscopy (EM) study of the SF3b complex from the
spliceosome shows p14 in the center of the complex (Golas et al. 2003). A second study by the
same group characterized the SF3b complex integrated to the small ribonucleoprotein U11/U12
of the minor spliceosome and found that the SF3b complex adopts an open conformation. In this
model, p14 is in the outer surface of the U11/U12 di-snRNP; this exposure of p14 to the solvent
would allow a direct interaction of p14 with the pre-mRNA (Golas et al. 2005). The discrepancy
between the initial closed structure and an open conformation in the second study was attributed
to the fact that the second structural EM study was performed on the SF3b bound to the U11/U12
di-snRNP, while the first study was on the isolated SF3b (without snRNA). Their results implied
that rearrangements including repositions occur upon integration in the snRNP (Golas et al.
2005).

Figure 1.13 Model of the three-dimensional reconstruction of the multimeric protein complex
SF3b from the U12-dependent spliceosome at ∼10 Å resolution from cryo-electron microscopy
(adapted from Stark and Lührmann 2006).
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1.6.1 The p14 structure
The primary sequence of p14 identifies this 125 residue polypeptide as a member of the RRM
family with a βαββαβ topology and a nuclear localization signal at the c-terminus (Will et al.
2001). The RRM contains the canonical ribonucleoprotein domains RNP1 and RNP2 that
typically mediate RNA-protein interactions involving a single-stranded RNA target (see section
1.1).
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Figure 1.14 The primary structure of p14. RNP1: Underlined in blue. RNP2: Underlined in red.
Nuclear localization signal is in purple. Secondary structural elements as reported by Lührmann
and Sattler groups (Spadaccini et al. 2006).
A high resolution x-ray structure of human p14 in a complex with a minimal portion of SF3b155
showed that p14 contains the predicted central RNA recognition motif. However, a peptide
fragment of SF3b155 (residues 373-415) interacted with β3, the RNP1 that usually recognizes
RNA in most RRM proteins (Schellenberg et al. 2006). More recently, the same group published
another x-ray structure, this time of a crystal of p14/SF3b155 fragment soaked in adenine as a
mimic of the branch site residue. Their results indicated that the base was buried in a pocket of
p14, where it was stacked on p14 residue Y22 in RNP2 and was stabilized by three hydrogen
bonding interactions to Y91, Y61 and N93. This finding suggested that the 2-hydroxyl of the
unpaired adenosine that acts as the nucleophile in the first step of splicing must be disrupted for
the first splicing step to occur (Schellenberg et al 2011). However, there was no 2-OH in their
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ligand or their model and other part of the helix to represent the actual context was absent;
therefore, the results are not conclusive, leaving open the question about the nature of the
interaction between the branch site and the p14 protein.

Figure 1.15 X-ray crystallographic model of p14. Left: Ribbon diagram of p14-SF3b155(amino
acids 373-415) complex. SF3b155 peptide is colored blue Right: Adenine bound to
p14/SF3b155 peptide at 2.4 Ǻ resolution. The purine stacks on Y22 of RNP2, features hydrogenbonding interactions between the Watson-Crick face of the base, in particular the N-6 exocyclic
amine and the main-chain carbonyl of Y91, between N-1 and the main-chain N-H of N93, and
between N-3 and the hydroxyl of Y61 of RNP1 (Schellenberg et al. 2011)
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NMR analysis by two different groups has shown that in solution, the protein contains the
canonical RRM fold and two additional unstructured regions (Spadaccini et al. 2006, Kuwasako
et al. 2008). Although the first group used a full-length p14 protein, the structure reported was a
homology model based on the secondary NMR chemical shifts and a sequence alignment with
the U1A RRM (figure 1.16, left). On the other hand, the second NMR study by the Yokoyama
group reported a structure for a truncated protein where the N-terminus (1-7) and C-terminus
(94-125) residues were removed based on their observation that these regions were unstructured
in solution. The structure also included the small fragment SF3b155(379-423), shown in figure
1.16 (right). Both studies also showed an additional β-hairpin between α2 and β4 not shown in the
crystallographic studies. The NMR data showed that residues within the RNP1 (octameric region
in β3) and RNP2 (hexameric region in β1) are strongly perturbed upon binding to a SF3b155
peptide. The SF3b155 peptide interacts with p14 with β2 and β3 and through a β-strand that pairs
β2 of p14 forming an intra-molecular β-sheet.
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Figure 1.16 NMR Structure of p14. Left: NMR homology model of p14 based on the secondary
NMR chemical shifts and a sequence alignment with the U1A RRM (Spadaccini et al. 2006).
Right: NMR structure of p14 (8-93)-SF3b155(379-424) complex. p14: red, yellow and green.
SF3b155 peptide: blue (Kuwasako et al. 2008).
1.6.2

U2 snRNP protein p14-RNA Interaction

Studies to characterize binding of p14/SF3b155 to RNA targets in vitro have yielded inconsistent
results. MacMillan and coworkers found that exogenous adenine, used as a mimic for the
unpaired branch site A, localizes into a pocket in RNP2 bordered by Y22 (Schellenberg et al.
2011). In addition, a RNA hairpin representing the unmodified pre-mRNA branch region duplex
to a p14/SF3b155 fragment complex showed a crosslink between the branch site A to RNP2 of
p14 (Schellenberg et al. 2006, 2011). Based upon these observations, these authors postulated
that the bulged branch site A is recognized specifically by RNP2 and is stabilized by hydrogen
bonds to three residues that must be disrupted prior to the first step of splicing (Warkocki et al.
2009, Lardelli et al. 2010). In contrast, the Sattler and Lührmann groups did not observe
crosslinking between an unmodified branch site duplex and recombinant p14 alone or in
complex with the SF3b155(282-424) fragment. They did, however, verify interaction between ss
U2 snRNA oligomer and p14 associated with a more complete SF3b155(1-459) fragment by
electrophoretic mobility shift assay (EMSA), presumably due to RNA-protein contact involving
the extended N-terminal region of the SF3b155 fragment (Spadaccini et al. 2006). In contrast to
these conclusions, their NMR studies found that ss U2 snRNA or the branch site duplex (with or
without  modification of U2 snRNA) induced small chemical shift perturbations throughout
p14, but that neither p14 alone or its complex with SF3b155 recognized any branch site RNA
construct specifically (Spadaccini et al. 2006). The NMR study by Yokoyama and Muto groups
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(Kuwasako et al. 2008) reported chemical shift perturbations on a truncated C-terminus p14 in
the presence of a short 12mer ss RNA representing the intron. They found the cross peaks for the
residues located in a positively charged groove (loops

β1-α1, and β’-β”, in fig 1.16) were the

most perturbed along with the residues located in the c-terminus of p14 (not shown in the
structure). However the aromatic residues located in the RNP2 and RNP1 (Y22 and Y61
respectively) expected to interact with RNA, as in most canonical RMMs, did not show any
significant perturbation.
Altogether, the p14/RNA structural studies reported so far suggest: 1) p14 is not a typical RRM
and interacts with RNA in a different region than that which would be expected; 2) x-ray studies
suggest that the branch-site adenosine is positioned by stacking on a tyrosine and forming
hydrogen bonds with nearby residues of p14; and 3) in complete contrast with (2), solution
studies suggest that binding of RNA may be weak and nonspecific.

1.7 Specific Aims
The dynamic nature of the spliceosome is an intriguing feature that has puzzled researchers from
different fields as the different events in the assembly, activation, catalysis and disassembly
requires the timing action of more than 150 splicing factors. The recently published milestone
study by cryo-electron microscopy revealing a 3.6 Å resolution structure of the spliceosome Ccomplex of Schizosaccharomyces pombe provides important information that will contribute to
our understanding of pre-mRNA splicing (Yan et al. 2015, Hang et al. 2015). Despite the
enormous amount of structural and dynamic information that can be extracted from the published
models, there are still numerous RNA/RNA, protein/protein and protein/RNA interactions that
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need to be biophysically characterized in order to understand the structural and functional details
of this macromolecular machine. Determination of the specificity for p14-RNA interaction is one
them which is important because UV cross-linking studies showed that p14 cross-links to the
branch region with high efficiency and the cross-link persist through the A, B and C complexes
(Mac Millan et al.1994, Will et al. 2001), which means p14 could be an important splicing
factor. Our hypothesis is that if interaction is with the double-stranded helix, it is possible that
the kinked backbone of the branch site motif in the presence of the conserved pseudouridine
residue (Newby and Greenbaum 2001, 2002) plays a role in the recognition process. The specific
aims of this dissertation are to: 1) characterize the specificity of p14 in its interaction with premRNA for a pseudouridine-modified branch site helix; 2) identify the p14-RNA binding site in
p14; and 3) establish the structural and or functional role of this splicing factor. These aims will
be approached in solution by a combination of gel mobility shift assays and nuclear magnetic
resonance spectroscopy.
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2. EXAMINING RECOGNITION OF THE BRANCH SITE HELIX BY EMSA
2.1 Introduction
Molecular recognition between biomolecules is a fundamental issue in biological processes, and
assembly of the spliceosome involves numerous interactions that are highly dependent upon
recognition between participating RNA and protein molecules. To examine the affinity and
specificity of interaction between the spliceosomal branch site RNA helix by p14 in vitro, we
first used the electrophoretic mobility shift assay (EMSA). This is a simple but powerful
technique that relies on the migration properties of the RNA and proteins through a gel matrix
(agarose, polyacrylamide or agarose-acrylamide composite gels) upon application of an electric
field (Dahlberg et al. 1969; Schaup et al. 1970). The mobility of protein and RNA polymers
through a gel matrix is governed by molecular weight, charge, and three-dimensional shape of
the biomolecule(s), physical properties of the gel, and applied electrical field. If stable interaction
between biomolecules (in this case, RNA and protein) occurs, the electrophoretic mobility of the
RNA-protein complex will be different than the isolated species, i.e either a retardation or
acceleration will be observed.
The 14 kDa protein p14 (SF3b14a) within the heteromeric splicing factor SF3b of the U2 snRNP
is the only protein thought to form a close contact with the branch site A in the assembled
spliceosome. In the context of the intact SF3b complex, p14 interacts directly and extensively
with its neighbor SF3b155 (Will et al. 2001, Golas et al. 2003 and 2005, Lara-Avila et al. 2007),
a 155 kDa protein required for splicing activity (Das et al. 1999, Will et al. 1999). Studies have
shown that a minimal binding fragment of SF3b155 (residues 282-424) is responsible for the
high affinity binding to p14 (Will et al. 2001); the smallest SF3b155 construct containing the
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core binding motif is aa 401-415 (Spadaccini et al. 2006, Cass and Berglund 2006, Schellenberg
et al. 2006, Kuwasako et al. 2008). In the following studies, we use the fragment including
residues 378-420 to represent SF3b155.
The estimated theoretical isoelectric points (pI) of full-length p14 and the SF3b155 fragment
(378-420) were calculated using the ProtParam tool from the ExPASy Bioinformatics Resource
Portal (Gasteiger et al 2005) to be 9.4 and 4.53, respectively. Thus, concomitant detection of the
two polypeptides and RNA by electrophoretic analysis presents a challenge: at neutral pH, p14
would be positively charged and migrate toward the cathode, while the SF3b155 fragment and
RNA would be negatively charged and migrate toward the anode. To analyze changes in
migration in p14, SF3b155(378-420), and RNA upon binding, i.e. to enable assay of both
cationic and anionic species, we adapted a horizontal non-denaturing PAGE technique in which
the wells were set in the middle of the gel. Following electrophoresis, the RNA and proteins
were detected by staining with SYBR®Gold and Coomassie® Brilliant Blue, respectively. This
approach makes it possible to avoid pre-labeling the RNA with a radioisotope or a fluorescent
dye as in standard methodologies and thus minimize the possibility of interference with
intermolecular interaction (Hellman and Fried 2007; Ryder et al. 2008).
The sample of the BP duplex was created by pairing between a region of U2 snRNA with a
segment of the intron to position a specific adenosine (A) of the intron to present the 2 hydroxyl
(2-OH) that is the nucleophile in the first step of splicing (Parker et al. 1987, Wu and Manley
1989, Zhuang and Weiner 1989). NMR studies from our laboratory have shown that, in the
presence of a phylogenetically conserved pseudouridine () modification in the segment of U2
snRNA strand pairing with the intron, the branch site A is extruded from the helix (Newby and
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Greenbaum 2001, 2002), resulting in a kinked backbone within the intron strand, and highly
electronegative electrostatic potential surrounding the exposed 2-OH of the branch site A in the
major groove of the duplex (Xu et al. 2005). In order to test the hypothesis that there is specific
recognition of the BP duplex, binding of p14 protein to different nucleic acid duplexes and
single-stranded oligomers was analyzed by EMSA to measure the relative affinity of binding of
p14, with or without the fragment of SF3b155. RNA sequences tested included a complementary
duplex equivalent to that of the branch site helix from which the branch site A has been deleted
(BPΔA) and individual strands representing the intron or U2 snRNA strand. We found similar
migration properties and binding affinity of p14 for each of the RNA samples, implying that
binding is nonspecific for sequence or pairing status of the RNA samples tested.

2.2 Materials and methods
2.2.1 Protein expression, isolation and purification
For expression of U2 snRNP protein p14, E.coli cells (strain BL21) were transformed with a pET
15b vector containing the full sequence of human p14 along with a histidine (his-)tag and a preengineered thrombin-protease cleavage site between the his-tag and p14 on the N-terminal end of
the sequence. Cells were incubated at 37 C until OD ~0.6 at 600 nm and at 25 C during
overnight induction with 1 mM IPTG. For purification of recombinant p14, the cell pellet was resuspended in lysis buffer containing RNase I. Cells were lysed by sonication, centrifuged at
12000xg and supernatant containing the soluble his-tag p14 was purified by immobilized metal
affinity chromatography (IMAC) in an ÄKTApurifier FPLC (GE Healthcare) and eluted with an
imidazole gradient (from 10 to 500mM). The eluent was dialyzed against phosphate buffer (pH
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6.5) using the Float-A-lyzer dialysis device and a membrane with a molecular weight cut-off 810 kDa (SpectraPor). Finally, the his-tag was removed from the recombinant fusion protein by
use of the commercial thrombin-agarose kit RECOMT (Sigma), dialyzed again against NMR
buffer (20 mM phosphate buffer pH 6.5, 100 mM NaCl, 1 mM DTT), and concentrated to 200400 µM with a 3 kDa molecular mass cutoff Amicon Ultra centrifugal device (Millipore). Purity
and integrity of p14 were verified by migration on denaturing SDS-PAGE (16%) and nondenaturing PAGE (5%) and visualized by staining with Coomassie® blue (Fig. 2.1). Protein
concentration was determined by quantitative Bradford Assay using the Coomassie® Protein
Assay Reagent Kit from Pierce Biotechnology with BSA as standard. The final protein product,
including the entire p14 amino acid sequence plus the additional three residues associated with
the remaining GSH motif of the thrombin cleavage site following its removal was analyzed by
TOF-LC MS (The CUNY Mass Spectrometry Facility at Hunter College), and found to have its
predicted molecular weight of 14866.1 Da.
For expression and purification of SF3b155 fragment (amino acids 378-420), a similar approach
to that described above was followed including an extra final purification by size exclusion
chromatography using a SUPERDEX® 75 10/300 column (GE Healthcare) to remove aggregates
from the final product (Fig. 2.2).
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Figure 2.1 Protein p14 purification using Immobilized Metal-Ion Affinity Chromatography
-IMAC- A: FPLC elution profile of p14 from 4L overexpression. The gradient trace (fraction of
buffer B in %) is shown as a solid green line. B: SDS PAGE analysis of purified p14. Lane 1:
Molecular weight marker. Lane 2: Cell lysate supernatant before purification. Lane 3: The
pooled protein fractions eluted from FPLC/IMAC. Lane 4: Protein dialyzed against phosphate
buffer pH 6.5 before removal of the his-tag. Lane 5: p14 after removal of the his-tag with
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thrombin-agarose, dialyzed against phosphate buffer pH 6.5 and concentrated. C: Nondenaturing analysis of 5 µL purified p14. The sample was electrophoresed in a 5% acrylamidebisacrylamide gel toward the cathode at 4 C at a constant voltage (300V) during 30min.
Running buffer: 25 mM histidine, 30 mM MOPS pH 6.5.

Figure 2.2 SF3b155(378-420) fragment purification using Immobilized Metal-Ion Affinity
Chromatography -IMAC- and Size Exclusion Chromatography-SEC- A: FPLC elution
profile of peptide fragment SF3b155(378-420) from 2L overexpression. The gradient trace
(fraction of buffer B in %) is shown as a solid green line. B: Gel filtration of the SF3b155(378420) peptide fragment after purification by IMAC and removal of the his-tag. C: Denaturing
SDS PAGE analysis of purified SF3b155(378-420). Lanes 1: Molecular weight markers. Lane 2:
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The pooled protein fractions from IMAC-FPLC after dialyzed against phosphate buffer pH 6.5.
Lane 3: After removing the his-tag with thrombin-agarose and redialyzed. D: Non denaturing
PAGE analysis of 10 µL purified SF3b155(378-420). Lane 1: Before SEC. Lane 2 pooled
fractions of the main peak from SEC.
2.2.2 Synthesis of RNA oligomers
Synthetic oligomers representing the U2 snRNA fragment: 5-GGU GUA GUA-3, 5-GGU
GA GUA -3, and 5-CGG UG AGU AUC G -3, where  is pseudouridine, were bought
from Dharmacon Inc. The complementary region of the intron, strands 5-UAC UAA CAC C-3,
5-CGA UAC UAA CAC CG-3, where the underlined A corresponds to the branch site residue,
and the complementary region of the intron without the branch site A strands 5-UAC UAC
ACC-3, 5-CGA UAC UAC ACC G-3, were also acquired from Dharmacon Inc. RNA
oligonucleotides were deprotected and desalted by the company; no further processing was
required prior to use. The DNA sequence 5-TAA TAC GAC TCA CTA TAG GTA TAT AGC
GAA AGC TAT ATA CC-3 and its complementary sequence: 5-GGT ATA TAG CTT TCG
CTA TAT ACC TAT AGT GAG TCG TAT TA-3, were acquired from IDT Inc. Oligomers
were resuspended in autoclaved deionized water (Barnstead NANOpure Diamond™) and strand
concentration was measured from absorbance at 260 nm. To form the short duplexes, equimolar
amounts of top and bottom strands were combined in the working buffer (20 mM phosphate
buffer pH 6.5, 100 mM NaCl, 1 mM DTT). The RNA solution was heated in a heating block for
3 min. at 70 °C and allowed to cool slowly in the block for one hour until room temperature was
reached, then cooled at 4 °C for one hour. Samples were stored at -20 °C. Duplex formation was
verified by migration as a single band on non-denaturing PAGE (20%, 19:1 acrylamide:bis36

acrylamide) using THEM buffer pH 7.2 (33.3 mM Tris, 66 mM HEPES, 10 mM MgCl2, 0.1 mM
EDTA), both in the gel and for electrophoresis. Electrophoresis was performed at 150 V at 4 C
for 4 h, and visualized after staining with Nuclistain® for one hour (Fig. 2.3).

Figure 2.3 Representative Non-denaturing PAGE analysis for pairing of RNA duplex (bottom)
and their sequences (top). Left: Sequences for BP RNA duplexes: Residues in grey were added
to the native sequence for added thermal stability. Solid dots indicate base pairs as observed in
NMR spectra of exchangeable protons; open dots indicate base pairs expected but not verified in
NMR spectra as reported in Newby and Greenbaum 2001. ssU2 represent the single strand
branch site interacting region of U2 snRNA. ssBPS represents the single strand intron containing
the branch point sequence. Right: BP3 Oligo sequences: Duplex used by Spadaccini et al.
2006. Green: additional nucleotides added to stabilize duplex formation. ssU2_3 represent the
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single strand branch site interacting region of U2 snRNA. ssBPS_3 represents the single strand
intron containing the branch point sequence. Each duplex includes  in the conserved location of
U2 snRNA. These gels provide evidence of a stable pairing between the U2snRNA and intron
sequences with a mostly single conformation.
2.2.3 Electrophoretic mobility shift assay for analysis of p14-RNA interaction
In order to visualize migration of anionic and cationic biomolecules and intermolecular
interactions between them in a single gel, we made use of a horizontal gel with sample wells in
the center. Horizontal non-denaturing gels (100 mm x 62 mm x 8 mm) were prepared by pouring
50mL of gel mix (5% 38:2 acrylamide:bis-acrylamide in 0.2X MOPS/Histidine pH 6.5) into a
UV-transparent gel tray. A comb with eight teeth was placed in the middle of the gel prior to
polymerization in the gel caster. One hour after polymerization was complete the comb was
removed and the gel was assembled into a Bio-Rad Mini-Sub Cell® System. Gels were
equilibrated at 100V with running buffer (25 mM histidine, 30 mM MOPS pH 6.5) at 4 C for at
least one hour. Samples (15 µL) were prepared at 30 µM p14 and RNA in 20 mM NaPi pH 6.5,
100 mM NaCl, 1 mM DTT as binding buffer mixing with 3 µL 6X loading buffer (30% glycerol,
0.25% xylene cyanol, 0.25% bromophenol blue) before loading. 15µL of each sample was
loaded and electrophoresis was performed at 100 V at 4 C for 90 min. Gels were stained with
100 mL 2X SYBR®Gold (diluted from 10,000X concentrate in DMSO, Life Technologies™) for
one hour, protected from light. Gels were first visualized and photographed for RNA migration
by transillumination at 305 nm, after which, gels were washed in 200 mL H2O, fixed in 100 mL
10% acetic acid/50% methanol for one hour, stained with 100 mL 0.05% Coomassie® Brilliant
Blue R-250 in 10% acetic acid overnight, de-stained with 100 mL 10% acetic acid for two hours
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and finally washed in 200mL H2O overnight. Gels were then visualized and photographed after
both staining with a UVP GelDoc-It™ Imaging System equipped with a Gel HR Camera.

2.3 Results
2.3.1 p14 binds U2-BPS under non-denaturing conditions
In order to test the ability of the p14 protein to interact with the RNA, an EMSA analysis using
horizontal PAGE at non-denaturing conditions was performed. The p14 protein alone migrated
toward the cathode, and the RNA toward the anode. Incubation of p14 with a stoichiometric
amount of RNA duplexes representing the branch point site duplex including the conserved 
(BP) resulted in a shift of both the protein and RNA bands (Fig. 2.4); the p14-BP complex
migrated toward the anode and at a different position of the RNA duplex alone. This differential
shift suggests binding between the protein and RNA. Not all of the protein (or RNA) shift, which
made possible to estimate the dissociation constant KD for the protein-RNA interaction using the
relative intensities of complexed and uncomplexed RNA and protein molecules and the equation
KD = [RNAfree][proteinfree]/[RNA-protein] to be approximately 250 M. That is, binding occurs
with a fairly weak affinity.
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Figure 2.4 Non-denaturing PAGE showing p14-U2-BPS interaction.
2.3.2 Analysis of the specificity of recognition in binding of p14 to RNA targets
In order to test if the ability of p14 to interact with the RNA duplex was specific for the BP
duplex representing the branch site, a similar EMSA analysis using horizontal PAGE at nondenaturing conditions was performed for p14 interacting with single stranded (ss) RNAs. The
p14 protein was incubated with equimolar amounts of ss intron containing the branch site
(ssBPS) or the complementary ssU2 strand (ssU2), electrophoresed and stained with
SYBRGold and Coomassie as in the previous experiments (Fig. 2.5 A). Again, a distinct band
migrating toward the cathode was observed for the p14 protein alone, but the p14-ssRNA
complexes migrated toward the anode and at a different position from the ss RNA alone but
essentially the same as for the p14-BP complex. Similar shifts were observed for the interaction
between p14 and any of the single stranded or double stranded branch site RNA strands, or even
for a nonrelated double stranded DNA (Fig 2.5 B), suggesting that any binding was nonspecific
for sequence or pairing status. Again, as not all of the protein (or RNA) was observed to shift, it
was possible to estimate the KD for the protein-ssRNA and protein-dsDNA, which were in the
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range of 200-350 M for each of the nucleic acid strands or duplex. That is, binding was
nonspecific and of relatively weak affinity.

Figure 2.5 Non-denaturing PAGE analysis of p14 interacting with single stranded RNA, (A),
and RNA duplex or unrelated DNA (B).
2.3.3 Effect of binding of SF3b155 to p14 on binding of RNA
In order to test the hypothesis that a minimal fragment of SF3b155 (378-420) is important in the
recognition and binding of p14 toward the branch site duplex, EMSA analysis using horizontal
PAGE at non-denaturing conditions was performed for p14-BP complex in the absence and
presence of this SF3b155 fragment (fig. 2.6). Equimolar amounts of p14 were incubated with the
RNA duplex and with the SF3b155 fragment and electrophoresed as described above. Again, the
distinct band of p14 alone moving toward the cathode was observed while the migration of the
SF3b155 fragment alone was evidenced by a single band moving toward the anode. Mixing of
equimolar amounts of p14 and the SF3b155 fragment resulted in a single band migrating toward
the cathode with no evidence of any unbound p14 or SF3b155 fragment. This finding was
consistent with the high-affinity binding determined by Spadaccini et al. 2006 by ITC (KD ~9
nm). In the presence of this SF3b155 fragment, no band moving toward the anode was observed
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for the p14-RNA complex, and only the strong band corresponding to the p14-SF3b155 fragment
complex was observed. These results suggest that in the presence of the SF3b155 fragment (378420), affinity for the RNA target is much lower than observed for p14 alone; suggesting that
binding of the SF3b155 fragment impedes the p14-RNA interaction.

Figure 2.6 Non-denaturing PAGE showing p14-U2-BPS interaction in the absence and presence
of the SF3b155 (378-420) fragment.
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2.4 Discussion
These EMSA studies described here have shown that the U2 snRNP p14 protein, an RRM
protein, interacts with the RNA duplex representing the branch point sequence of the intronpaired with a branch site interacting region in the U2 snRNA including  at the conserved
location in the oligomer representing U2 snRNA. This protein is a subunit of the heteromeric
splicing factor SF3b essential for the splicing of pre-mRNA. Most RRM structures reported in
complex with RNA indicates a preference for interaction with ss RNA (reviewed in Daubner et
al. 2013, Clery et al. 2008). However, in the case of p14 interacting with the branch site in the
fully assembled spliceosome, this interaction would occur with a duplex containing a bulged out
branch point adenosine (MacMillan et el. 1994, Query et al. 1996). The shifted bands observed
in the horizontal non-denaturing PAGE for the p14-RNA complex are evidence that the p14
interacts with such duplex i.e. p14 does not behave like a typical RRM protein. However, we did
not observe a preference of p14 for ss or duplex RNA (Fig 2.5), a result that suggests that p14
binds RNA nonspecifically with regard to sequence or pairing status. Analysis of the intensities
of stained bands representing the bound and unbound RNA and protein species implies that the
protein binds the RNA (ss or duplex and even dsDNA) non-specifically with a low affinity (KD 
200-400 M). Considering that the only feature all the tested biopolymers had in common was
that they were nucleic acids and had a negatively charged backbone and p14 at the binding
conditions is a positively charged biomolecule, these results indicate that the sequence and/or
structure are not dictating the specificity of this RRM motif but other factors including
electrostatic in nature might be taking part in this system.
Previous work from different laboratories has demonstrated that p14 interacts strongly with
SF3b155 another protein of the SF3b splicing factor, whose interaction with p14 has been
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mapped within the N-terminal domain with the core binding motif located in amino acids 401415 (Will et al. 2001, Cass and Berglund 2006, Schellenberg et al. 2006, Spadaccini et al. 2006,
Kuwasako et al. 2008). The reported affinity measured by isothermal titration calorimetry (ITC)
for the interaction of p14 and a SF3b155 (282-424) fragment was a dissociation constant (KD) of
9.6 nM, which resulted in 1:1 stoichiometry (Spadaccini et al. 2006). The EMSA results reported
here corroborate the strong and stable protein-protein interaction but results of these assays
suggest that p14 bind less to the RNA when the SF3b155 fragment is bound to it (Fig.2.6). The
lack of a distinct band for a p14-RNA complex in the presence of SF3b155 fragment or a
p14/SF3b155 fragment/RNA complex in our EMSA studies is in contrast with UV-induced
cross-linking results by other groups (MacMillan et al. 1994, Query et al 1996, Schellenberg
2006). However, it is in agreement with no UV-crosslinking between recombinant
p14/SF3b155(282-424) fragment and a U2-BPS RNA reported by Lührmann and coworkers
(Spadaccini et al. 2006,). Lührmann and coworkers claimed that the efficiency of cross-linking
of the RNA to p14 is increased in the presence of the NTD of SF3b155 (amino acids 1-459)
(Spadaccini et al 2006).
It is possible that we do not observe such increase in binding as the minimal 43 residues
fragment of SF3b155 used in this study is lacking other regions of the NTD of SF3b155 that
interact (non-specifically) with regions of the intron RNA strand beyond the branch site region
and are shown to cross-link to bases both 5 and 3 of the branch point sequence (Gozani et al.
1998, Cass and Berglund 2006). Subsequent NMR studies (see Chapter 3) showed similar,
maybe even slightly higher affinity, of p14-RNA in the presence of SF3b155. These
inconsistencies observed by EMSA analysis of these fairly weak RNA-protein interactions in
ternary complexes could be attributed to phenomena inherent to the method, e.g. friction,
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reptation through the gel matrix, and force resulting from opposing charges that destabilize
certain important but weak biomolecular interactions.
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3. EXAMINING RECOGNITION OF THE BRANCH HELIX BY NUCLEAR
MAGNETIC RESONANCE
3.1 Introduction
Characterization of p14-RNA recognition at the molecular level may provide the most valuable
approach to analysis of the molecular features that govern this protein-RNA interaction.
Although the RRM fold has been intensively studied by low and high resolution methods, a
detailed RNA recognition code is still absent for this family of proteins. X-ray crystallography
and Nuclear Magnetic Resonance (NMR) spectroscopy are the biophysical techniques used most
frequently in the structural characterization of biomolecules and their interactions. As with any
other technique, there are inherent problems to both methods. However, due to its ability to
probe the biomolecule(s) under study in solution under conditions that resemble physiological
conditions, NMR spectroscopy is the method of choice for the study of this small protein in its
interaction with RNA and binding partner(s).
NMR spectroscopy is based on the absorption of energy in the radiofrequency range by the
nucleons. When a nucleus with spin quantum number (S) different than zero is in a magnetic
field (B), it has 2S+1 non-degenerate energy sublevels. In the case of 1H, 13C, 15N and 31P nuclei,
the most common nuclei used in biomolecular NMR, the spin S = 1/2; therefore two distinct
energy levels are possible. In a static magnetic field, the nucleons “spin” at a rate characteristic
of the nuclear structure and the local electronic environment.

This rate is known as the

resonance frequency (ω0) and is defined as: ω0 = -γB0, where γ is the magnetogyric ratio (a
constant for each type of nuclei) and B0 is the magnetic field strength. This frequency in Hz is
expressed as ω= ω0/2π also known as the Larmor frequency. The Larmor frequency is
46

proportional to ΔE, the energy difference between the two spin energy levels in the
radiofrequency range. By applying radiofrequency pulses, these energy levels can be probed as
they induce transitions between the energy levels generating detectable magnetization that can be
transferred to other nuclei.
The nuclear resonance frequency is affected by the local electronic environment, creating an
effect known as the chemical shift in diamagnetic molecules. As the chemical shift is
proportional to the applied magnetic field, this signal can be scaled by the strength of the
magnetic field and represented as δ = (ω – ωref)*106/ ωref where  is the chemical shift in units of
ppm, ω the resonance frequency of the nuclei in the molecule and ωref the resonance frequency
of the isolated nuclei. As an example, isolated 1H nuclei in a field strength of 14.1 Tesla (T)
resonate at 600.34 MHz, but in water molecules 1H nuclei resonate at 600.342821 MHz. Using
the resonance frequency of the isolated 1H as reference, the scaled chemical shift of the water
protons δw = 4.699 ppm.
Another important feature of NMR spectroscopy is that the resonant frequencies of two atoms
that are chemically bonded can be measured and the physical relationship between them, or
correlation, can be defined and detected. The nuclear resonance frequency is also affected by the
presence of other magnetic nuclear spins within the molecule and their directions, an effect
known as nuclear spin-spin coupling, scalar coupling, or J-coupling. This is a field-independent
effect, detected between nuclei in atoms separated up to four chemical bonds and specified in
Hz, which provides important angular information between the separated nuclei. This
information is useful in conformational characterization of biomolecules as the effect is
exclusively intramolecular and changes with change in the relative conformation of nuclei. This
phenomenon allows the transfer of magnetization between the connected nuclei and plays a
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pivotal role in modern methods of multidimensional NMR spectroscopy that include double and
triple-resonance techniques based on homonuclear and heteronuclear correlations important for
the structural characterization of proteins and RNA (reviewed in Greenbaum and Ghose 2010).

To investigate the mode of interaction including identification of the site(s) of binding of RNA to
p14 and specificity of interaction, we use multidimensional NMR spectroscopy. Analysis of the
perturbation in the chemical shift of the amide N and H of the p14 protein in the presence of
RNA made it possible to identify the interacting region in the protein. The strength of such
interaction was measured by titration of RNA duplexes into protein solution. For this the
perturbation in the amide N and H of

15

N-labeled p14 were measured at different protein:RNA

ratios and the isotherm obtained for selected perturbed residues was fitted to a model that links
total ligand RNA duplex concentrations and total protein concentration to calculate the
dissociation constant (KD) for such interaction(s).

3.2 Identification of the RNA binding region of p14 by NMR
3.2.1 NMR of Protein
To characterize the specificity of p14 in its interaction with pre-mRNA for a ψ-modified branch
site helix, using solution NMR methods at functionally relevant conditions, first we attempted to
identify the p14-RNA binding site in p14 and its mode of interaction. A standard methodology
for this is to determine the chemical shift perturbation in the backbone nuclei of the protein in its
interaction with RNA target and binding partner(s). This approach is based on the fact that
different chemical environments for a nucleus induce different chemical shifts. This requires
detecting and assigning the backbone resonances for C, C, CO, H-amide (HN) and N-amide
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(NN) of the protein in the absence and presence of the interacting partners and then determine the
perturbation in C, C, CO, 1HN and NN (ΔC, ΔC, ΔCO, ΔHN and ΔNN respectively).
Acquisition of the 2D correlation spectrum [1H, 15N]-HSQC and 3D correlation spectra HNCO,
HN(CA)CO, HNCA, HN(CO)CA, HNCACB, and CBCA(CO)NH are the most useful NMR
experiments for detecting and assigning the backbone resonances and subsequently determine
their perturbations and they were used in this research.
The 2D [1H,

15

N]-HSQC (heteronuclear single quantum correlation) experiment (Bodenhausen

and Ruben 1980, Palmer et al. 1991, Kay et al. 1992) is the most practical correlation spectrum
for these types of studies as it correlates the chemical shift of 1H with the chemical shift of any
directly bonded 15N of any NH group and each amino acid residue contains only one backbone
amide group (except proline). Its usefulness derives from the ability of this experiment to display
such HN correlations in a well-resolved 2D spectrum where each cross-peak corresponds an NH
group and its perturbation can be easily monitored for a folded protein.
The HNCACB experiment (Wittekind and Mueller 1993) correlates the amide HN and NN
chemical shifts of a particular residue in the sequence (residue-i) with the C and C of the
residue i and the preceding residue (i-1), while the CBCA(CO)NH experiment (Grzesiek and
Bax 1992) provides correlations for the amide HN and NN chemical shifts of a particular residue i
with the C and C of i-1. The HNCO experiment correlates the amide HN and NN chemical
shifts of residue i with the carbonyl carbon CO chemical shift of i-1 (Muhandiram et al. 1994).
The HN(CA)CO experiment provides correlations between the amide HN and NN chemical shifts
of a particular residue i with the CO chemical shift of the residue i and i-1 (Clubb et al. 1992).
Finally, the HNCA experiment correlates the amide HN and NN chemical shifts of a particular
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residue i in the sequence with the C of the residue i and i-1 (Kay et al. 1990, Grzesiek and Bax
1992a) while the HN(CO)CA experiment provides correlations for the HN and NN chemical
shifts of i with the C of i-1 only (Grzesiek and Bax 1992a, Bax and Ikura 1991). These NMR
experiments require isotopic enrichment (labeling) of the protein with the stable

15

N and

13

C

isotopes because the natural abundance of these isotopes is too low (0.37% and 1.1%
respectively) to achieve adequate signal.
The protein p14 is the only protein shown to form a close contact with the branch adenosine in
the assembled spliceosome (MacMillan et al. 1994, Query et al. 1996, Will et al. 2001, Dybkov
et al. 2006). Evidence of direct interaction was supported by UV-induced cross-linking between
a branch site A and p14 that persists through formation of the A, B and C complexes (MacMillan
et al. 1994). The branch site helix is thought to be double-stranded through these processes; thus
it is anticipated that any direct recognition between the protein and RNA is the result of specific
or nonspecific interaction with the kinked negatively charged backbone. An x-ray structure of
human p14 in complex with a minimal fragment of U2 snRNP protein SF3b155 revealed binding
of SF3b155 in a central RNA recognition motif in the 3 strand of p14, the RNP1 that recognizes
RNA in most of the RRM proteins, thus occluding the canonical RNA binding region
(Schellenberg et al. 2006). Moreover, the authors found that the 2-hydroxyl of an exogenous
adenosine residue, used to represent the unpaired branch site adenosine, is buried in a pocket on
the p14 surface interacting with Y22 on the RNP2 (Schellenberg et al. 2011). On the other hand,
results of NMR analysis of p14 published by two different groups showed that chemical shifts of
residues within the RNP1 and RNP2 are strongly affected by binding the short SF3b155 peptide
and it was suggested by the authors that binding of SF3b155 occludes the RNA-binding site
(Spadaccini et al. 2006, Kuwasako et al. 2008). In agreement with this model, published NMR
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and electrophoretic mobility shift assay (EMSA) data showed that binding of single stranded
RNA to the p14-SF3b155 complex involves instead the -hairpin between α2 and β4 and the
binding affinity or specificity was not improved for a branch-point helix containing a ψ-modified
U2 snRNA (Spadaccini et al. 2006, Kuwasako et al. 2008). Thus, the structural studies reported
so far show discrepancies for an RRM suggesting that interacting region is different than the
observed in canonical RRMs apparently with an specific recognition involving an aromatic
residue in RNP2, but not in RNP1, and not certain about specificity for a double stranded RNA
representing the U2-BPS. These open questions were addressed in this study and the results are
discussed in this chapter.
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Table 3.1 3D NMR experiments for sequential backbone resonance assignments. Circled, the
correlated nuclei detected in each experiment. The blue arrows indicate the flow of
magnetization based on the J-coupling used in each experiment.
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3.2.2 Materials and Methods
3.2.2.1 Isotopic Enrichment with 13C and 15N
Uniformly 13C, 15N labeled recombinant p14 (U-[13C, 15N] p14) to assist with NMR assignments
was obtained by following an efficient method developed by Bracken and collaborators and
adapted to p14 (Marley et al. 2001). Briefly, Luria broth (LB) containing ampicillin (0.1 mg/mL)
was inoculated with E. coli harboring p14 and cultured at 37 °C with constant shaking overnight.
Fresh LB containing 0.1 mg/mL ampicillin was inoculated with the previous culture at a dilution
of 1:200 and cultured at 37 °C with constant shaking to an optical density ~0.6 at 600 nm.
Cultures were placed on ice to suspend the growing and harvested by centrifugation at 4 °C. Cell
pellets were washed with M9 Salts Solution (47.7 mM Na2HPO4.7H2O, 21.9 mM KH2PO4, 8.6
mM NaCl), to minimize rich media present during the induction step. The cell pellets were
resuspended in 50 mL of minimal medium (4 mg/mL [13C] D- glucose, 1 mg/mL [15N] NH4Cl
(Cambridge Isotope Laboratories), 47.7 mM Na2HPO4.7H2O, 21.9 mM KH2PO4, 8.6mM NaCl,
0.1 mM CaCl2, 2 mM MgSO4 and 0.1 mg/mL ampicillin) and transferred to 950 mL of minimal
Medium. The cell growth was recovered at 37 °C with constant shaking for 30 min, and minimal
medium was adjusted to 1mM isopropyl-1-thio-β-galactopyranoside (IPTG) to induce expression
of p14. Induced cultures were incubated at 25 °C for 6-16 hours with constant shaking and to
suspend cell growth the cultures were harvested by centrifugation at 4 °C. Isolation and
purification was performed as described in chapter 2, section 2.2.1.
3.2.2.2 NMR Spectroscopy
Acquisition of the 2D [1H, 15N]-HSQC to monitor spectral changes and 3D HNCO, HN(CA)CO,
HNCA, HN(CO)CA, HNCACB, and CBCA(CO)NH spectra useful for detecting and assigning
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the backbone resonances Cα, Cβ, CO, and amide NN and HN of the protein were performed in 5
mm micro volume NMR tubes (Shigemi, Inc.) at 298 K on a 600 MHz Bruker Avance
spectrometer equipped with a three-channel TXI-cryoprobe at The CUNY NMR Facility at
Hunter College. The 2D and 3D NMR experiments were acquired and processed using the
Bruker TopSpin 3.2 software.

Spectra visualization and chemical shift assignments were

performed with the computational tool SPARKY (Goddard and Kneller).
experiments required labeling of the protein with

15

N and/or

13

These NMR

C as described above and were

carried out on 200-400 µM protein solution in 90% 20 mM phosphate buffer pH 6.5, 100 mM
NaCl, 1 mM DTT 10% D2O. A table with the main acquisition parameters used for NMR is
shown below.
1

Experiment
HSQC

HNCO
HNCACO
HNCA
HN(CO)CA
CBCA(CO)NH
HNCACB

TD
SW (ppm)
Offset (ppm)
TD
SW (ppm)
Offset (ppm)
TD
SW (ppm)
Offset (ppm)
TD
SW (ppm)
Offset (ppm)

H
2048
13.018
4.700
2048
14.0261
4.706
2048
14.0261
4.706
2048
14.0261
4.706

15

N
256
40
118
30
25
117
30
36
117
30
30
117

13

C

Pulse Program
hsqcetf3gpsi

100
22.0849
175.997
100
30
54
100
64.999
40

hncogp3d
hncacogp3d
hncagp3d
hncocagp3d
cbcaconhgp3d
hncacbgp3d

Table 3.2. NMR Acquisition parameters used for sequential backbone resonance assignment and
monitoring spectral changes. Other parameters were omitted in this table for simplicity. TD:
Number of points SW: Spectral width. Offset: Center of the spectrum. Diagrams of the pulse
programs used are depicted in the appendix.
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3.3 Determination of dissociation constants for the interaction of p14 and the branch site
helix by NMR titration
The strength of the interaction between a protein and its RNA cognate is an important
characteristic of the complex in thermodynamic equilibrium that can be measured by different
techniques.

In this research we measured the dissociation constant (KD) defined as the

equilibrium concentration of protein and RNA ([P], [RNA]) divided by the equilibrium
concentration of the complex, [P-RNA], so that KD = [P][RNA]/[P-RNA].
A general methodology to determine this constant by NMR is to add known concentrations of
the ligand (RNA) to a known concentration of protein while observing one parameter. By
plotting the change in the observable as the dependent variable and the total concentration of
ligand as the independent variable a binding isotherm is obtained. The obtained isotherm is then
fitted to a mathematical model from which KD is derived (reviewed in Fielding 2007). Apparent
KD values for the interaction of p14 and RNA were determined by fitting the isotherms obtained
for individual perturbed residues. Increasing amounts of an intron containing the branch site
adenosine paired to a strand representing the complementary region U2 small nuclear RNA
including  at the conserved location (BP) were added to U-[15N] p14 and monitored by
changes in chemical shifts observed in a [1H,15N]-HSQC spectrum. Chemical shifts changes
were calculated using an adjusted chemical shift Δδ as shown in equation 3.1:
Δδ=[ (ΔδH)2 + (0.2* ΔδN)2]1/2 Eq. 3.1
where ΔδH represents the chemical shifts change observed for 1H amide and ΔδN represents the
chemical shifts change observed for 15N-amide. To normalize the 1H and 15N chemical shifts, a
scaling factor of 0.2 was used (Farmer et al. 1996, Schumann et al. 2007, Williamson 2013).
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Experiments were performed in 3 mm micro-volume Shigemi tubes at 298 K. The NMR binding
isotherms were plotted as Δδ as a function of total ligand concentration [BP]T. For the
determination of dissociation constants, KD was fit from measured values of Δδ at different
concentrations of [BP]T to the hyperbolic equation 3.2. This procedure was repeated on
variations of the U2-BPS helix from which the branch site adenosine had been deleted (i.e. a
fully complementary duplex; BPΔA).
Δδobs= Δδmax{([p14]T + [RNA]T + KD)-[ ([p14]T + [RNA]T + KD)2-4[p14]T[RNA]T]1/2}/2[p14]T

Eq.3.2

This model links total ligand concentrations [U2-BPS]T and total protein concentration [p14]T
and assumes the ligand binds to the protein in a 1:1 ratio in a single site (reviewed in Williamson
2013). The total protein concentration was 50 µM and the molar ratio protein:RNA used for the
titration was: 1:0.1, 1:0.25, 1:0.5, 1:0.75, 1:1, 1:2 and 1:3. The fit was done using the SOLVER
function contained within the Microsoft Office Excel® (John 1998, Brown 2001) by minimizing
the sum of squared errors for Δδ.

3.4 Results
3.4.1 NMR spectra of p14: p14 is folded at working conditions
A two-dimensional contour plot of the [1H,

15

N]-HSQC spectrum obtained for U-[15N] p14 is

shown in figure 3.1.The spectrum of p14 alone is identical to the previously reported by the
Lührmann and Sattler groups (Spadaccini et al. 2006) and its high dispersion on the proton and
nitrogen dimension in the amide region is characteristic of a soluble folded protein. Line widths
for p14 (alone) were 25.7-27.5 Hz, completely consistent with a monomer (i.e. no aggregation).
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Figure 3.1 Two-dimensional contour plot of the [1H,

15

N]-HSQC spectrum of U-[15N] p14 in

90% (20mM NaPi pH 6.5, 100 mM NaCl, 1mM DTT), 10% D2O. The dispersion of the
resonances in both dimension are typical of a soluble folded protein and were almost identical to
the spectra reported previously by Spadaccini et al. 2006 for uncomplexed p14 protein.
3.4.2 Chemical shift assignment for the p14 backbone
Assignment of the chemical shifts of p14 backbone nuclei was assisted by 2D [1H, 15N]-HSQC
and 3D HNCO, HN(CA)CO, HNCA, HN(CO)CA, HNCACB, and CBCA(CO)NH spectra. A
methodology for this known as backbone walk was adopted using the computational tool
SPARKY which allows one to make strip plots from 3D data sets. These experiments are run in
pairs in which one experiment gives only the intraresidue correlations (i) while the other give
correlations to both the residue itself (i) and the preceding residue (i-1). As described in section
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3.2.2 and from table 3.1 the paired experiments are HNCO/HN(CA)CO, HNCA/HN(CO)CA,
and HNCACB/CBCA(CO)NH. Briefly, a well resolved cross-peak from the [1H,

15

N]-HSQC

spectrum is picked as the starting point avoiding any peak coming from the side-chain NH2s of
Asn and Gln, which usually appear as “dumbbells” in the upper right region, or Arg H peaks
which usually are folded and negative. The pair of experiments, e.g HNCA and HN(CO)CA, is
selected and the correlated C for intra-residue (Ci) and inter-residue (Ci-1) are explored in
the HNCA spectrum. Then the own and previous C are identified by comparison with the
correlated C i-1 in the HN(CO)CA spectrum. This own C is selected to search for matching
peaks in the HN(CO)CA spectrum. The matching peaks are displayed in strips and the best
match selected for assignment in the HN(CO)CA C. This will also be used to set its NH as the
sequential spin system. The same strategy is used for the pair of experiments
HNCACB/CBCA(CO)NH which provide the extra information about the correlated CThis
technique is useful for identification of glycine which lacks a C; alanine (the C chemical shift
of which is usually lower than the C chemical shift of other residues; or serine and threonine
the C chemical shifts of which are very different from other residues. Finally, the same strategy
is applied for the pair of experiments HNCO/HN(CA)CO which give information about the
correlated backbone CO, and are also useful to distinguish between ambiguous strips during the
analysis. Once the order of the amides is distinguished by building-up strip fragments extending
forward and backward, assignments can be made by matching a particular string to a particular
sequence in the protein. For this purpose, identifying key sequences that included residues with
particular C and C chemical shifts were used as starting point.
3.4.3 Chemical shift mapping of the RNA binding site on p14
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After assigning the chemical shifts of the backbone resonances of p14, HSQC spectra of U-[15N]
p14 in the absence and presence of ψBP were acquired under identical experimental conditions.
Overlay of the spectra showed that the majority of cross-peaks were unaffected; however a
significant perturbation in several cross-peaks of p14 upon interaction with ψBP was observed.

Figure 3.2 Chemical shift perturbation (CSP) for the amide signals of p14 upon interaction with
BP calculated according to equation 3.1. The mean and standard deviation  of the shifts
changes were calculated and perturbed residues were identified as those whose shift changes
were greater than  (Dotted red line indicates the cut-off used).
These cross-peaks displayed incremental changes in position with each addition of RNA,
indicating that the p14-RNA interaction was occurring in fast exchange (KD > 10-6 M). The fact
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that these changes were limited to only a small fraction of cross-peaks implied that a large
conformational change was not occurring (figure 3.3).

Figure 3.3 Two-dimensional contour plot of the [1H,

15

N]-HSQC spectrum of U-15N–

p14:ψBP(1:1) in 90% (20mM NaPi pH 6.5, 100mM NaCl, 1mM DTT), 10%D2O. Blue: U-15N–
p14; Red:

U-15N–p14 in the presence of ψBP. Circled: Most perturbed cross peaks upon

addition of RNA.
The most perturbed chemical shifts were those for the amides of V17, Y22, I23, G51, T56, G58,
C74, N81, V89 and F98. After mapping the residues with most perturbed chemical shifts on the
NMR-derived structure (PDB 2FHO, Kuwasako et al. 2008) or the x-ray structure (PDB 2F9D,
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Schellenberg et al. 2006) we found that these residues are located mainly in one side of the
molecule as shown in figure 3.4. No residues on β3, the RNP1 motif that typically interacts with
RNA in canonical RRM proteins showed significant perturbation in accordance with previous
NMR and x-ray studies, while residues Y22 and I23 on β1 the second RNP motif of RRMs
showed significant perturbation upon interaction with ψBP. The N81 residue located in the βhairpin between α2-β4, although further from the other residues implicated in interaction, also
shows a significant perturbation upon binding to ψBP. These residues have been marked on a
model of p14 in complex with a small fragment of SF3b155 in figure 3.4.
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Figure 3.4 Mapping perturbed residues (in red) on p14 upon interaction with ψBP in 20mM
NaPi pH 6.5, 100mM NaCl, 1mM DTT. Residues in cyan and blue are the perturbed residues in
p14 upon interaction with SF3b155 fragment and ssRNA respectively as reported by Yokoyama
group (Kuwasako et al. 2008). NMR structure, PDB Accession code 2FHO. Grey:p14, Green:
SF3b155 fragment.
3.4.4 Effect of binding conditions
One difficulty encountered during these studies was the formation of precipitates upon mixing
equimolar amounts of p14 with the RNA duplex that was removed by centrifugation. In an
attempt to enhance solubility of the protein-RNA complex, different buffers were substituted for
phosphate buffer (pH 6.5). Table 3.3 shows the different binding buffer conditions that were
tested to circumvent this problem. The best binding buffer conditions (i.e no precipitation) for
this complex were sodium acetate buffer pH 5.5 in the presence of 50mM arginine, 50mM
glutamic acid. The addition of these charged (polyionic) amino acids to protein solution have
been reported to improve solubility and stability of free and protein-RNA complexes at high
concentrations useful in NMR studies (Golovanov et al. 2004, Hargous et al. 2006). Based on
these results of others, uniformly 15N labeled p14 was expressed, purified, and dialyzed against
sodium acetate buffer pH 5.5, 300 mM NaCl, 10 mM DTT, 5 mM EDTA, 50 mM arginine,
50mM glutamic acid as NMR buffer. Interestingly, the spectral distribution observed in the [1H,
15

N]-HSQC spectrum obtained in this buffer was almost identical with those observed in

phosphate buffer pH 6.5, indicating the same conformation under both conditions.
We then added ψBP to the p14 sample in this buffer. The spectral changes of the protein in the
presence of ψBP monitored by [1H,

15

N]-HSQC showed that under these conditions, the N81
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residue is the only residue perturbed upon interaction with ψBP (figure 3.5). From these results,
although we were able to avoid precipitation upon mixing at pH 5.5 in the presence of 50mM
arginine, 50mM glutamic acid, it seems that these conditions dissociated the complex likely due
to the very high concentration of monovalent salt and polyionic amino acids. On the other hand,
the first NMR study of p14 reported that residues N81 and R85 located in the aforementioned hairpin are the most perturbed in a p14-SF3b155 complex upon binding to RNA (Spadaccini et
al. 2006). A second NMR study by Yokoyama group reported that G79, N84 and L87 of the
same hairpin are significantly affected in their p14-SF3b155 fragment complex (Kuwasako et al.
2008). This -hairpin has been implicated in RNA binding in other RRMs like in TcUBP1 and
the alternative splicing factor Fox-1, interacting with ssDNA as in hnRNP D and also interacting
with other proteins as in eIF3b, HuD and Sxl (Clery et al. 2008). However, this hairpin was not
observed in the X-ray crystallographic studies of p14 neither implicated in RNA interaction. The
fact that the cross-peak for this N81 residue is affected significantly in either binding conditions
tested might indicate this residue and even the -hairpin is important for interaction with RNA.
Results

Reference

10mM NaPi, 50mM NaCl, pH 6.5

Binding Buffer

Precipitation

Newby and Greenbaum 2002

20mM NaPi, 100mM NaCl, 1mM DTT, pH 6.5

Precipitation

Kuwasako et al 2008

5mM BES, 10mM H3BO3, 100mM NaCl, pH 6.5

Precipitation

Schroeder et al. 2006

10mM NaPi, 50mM NaCl, pH 6.5, 50mM Arg, 50mM Glu

Precipitation

Golovanov et al 2004

10mM Tris, 20mM KCl, 2.5mM DTT, pH 6.5

Precipitation

Hudson et al. 2004

2mM HEPES-KOH pH 7.5, 150mM KCl, 5mM MgCl2, 2mM DTT, 3.1ug/mL Heparin, 5% Glycerol

Precipitation

Zalfa et al. 2005

10mM Tris pH 7.9, 2mM MgCl2, 0.1mM EDTA, 5ng/uL yeastRNA, 4%Glycerol

Precipitation*

Wilson et al. 1998

10mM Tris pH 8, 25mM NaCl, 0.1mM EDTA,5ug/mL Heparin, 0.01%IGEPAL CA-630, 0.1mg/mL tRNA

Precipitation*

Ryder et al. 2008

20mM K-HEPES pH 7.6, 330mM KCl, 10mM MgCL2, 0.2mM EDTA, 0.1mg/mL tRNA

Precipitation*

Ryder et al. 2008

20mM TrisHCl pH 6.8, 120mM NaCl, 2mM DTT, 0.1g/L tRNA

Precipitation*

Spadaccini et al. 2006

20mM HEPES-KOH pH 7.9, 100mMNaCl, 1.5mM MgCl2, 0.5mM DTT, 0.5mM PMSF, 0.1g/L tRNA

Precipitation*

Spadaccini et al. 2006

10mM Tris pH 7.5, 100mM KCl, 1mM EDTA, 0.01mg/mL BSA, 5% Glycerol

Precipitation*

Hellman and Fried 2007

10mM Tris pH 7.4, 150mM KCl, 0.1mM DTT, 0.1mM EDTA

Precipitation*

20mM NaOAc pH5.5, 50mM NaCl, 10mM DTT, 5mM EDTA, 50mM Arg, 50mM Glu
20mM NaOAc pH5.5 , 300mM NaCl, 10mM DTT, 5mM EDTA, 50mM Arg, 50mM Glu
20mM NaOAc pH 5.5, 50mM NaCl, 10mM DTT, 5mM EDTA
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Molecular Probes

TM

Some precipitation

Hargous et al 2006

No precipitation

Hargous et al 2006

Precipitation

NLG Sugested

Table 3.3 Binding buffer conditions tested for p14-RNA interaction. Concentrated protein and
RNA duplexes where mixed on ice at 30µM complex solution. *Protein precipitation occurred in
the buffer alone before adding the RNA duplex.

Figure 3.5 Two-dimensional contour plot of the [1H,

15

N]-HSQC spectrum of U-[15N]p14:ψBP

in 20 mM NaOAc pH 5.5, 300 mM NaCl, 10 mM DTT, 5 mM EDTA, 50 mM Arg, 50mM Glu.
Views of affected cross-peak in the two-dimensional contour plot of the [1H-15N]-HSQC
spectrum of U-[15N] p14, 50µM (Blue) in the presence of ψBP (red:1:1; green: 1:2; yellow: 1:3).
3.4.5 Binding to other RNA oligomers
Spectra for U-[15N] p14 in the presence of: 1) a longer duplex (ψBP3); 2) a duplex without the
branch site adenosine (ψBPΔA); 3) single stranded intron (ssBPS) and 4) the single stranded U2
with pseudouridine at the conserved location (ssU2) were acquired at the same binding
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conditions in order to test the specificity of this interaction by NMR. These RNA oligomers and
the duplexes were obtained as described in section 2.2.2. As shown in figure 3.6, the most
perturbed cross-peaks in the spectra of p14-ssBPS and p14-ssU2 complexes are very similar to
those observed for p14-ψBP and for p14-ψBP3, suggesting that the interaction of p14 and RNA
is not specific for single- or double-stranded RNA or for a particular sequence. However the
large similarity of the cross-peaks to those observed for p14-ψBP in all three spectra indicates
that even though the binding seems to be non-specific, it affects the same region of the protein. A
closer look at the number and extent of perturbations in the spectra shows that the spectral
dispersion in p14-ψBP is almost identical to the p14-ssU2 spectrum.

Figure 3.6 Two-dimensional contour plot of the [1H-15N]-HSQC spectra of A: U-[15N] p14; B:
U-[15N] p14 + ψBP3; C: U-[15N] p14 + ssBPS (intron); D: U-[15N] p14+ ssU2 (ss U2 snRNA).
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U-[15N] p14 in blue in spectra A-D. Circled: the most perturbed cross-peaks observed in the
interaction of p14 and ψBP. Samples: 50µM in 90% (20mM NaPi pH 6.5, 100mM NaCl, 1mM
DTT), 10% D2O. The spectral distribution in the presence of ssRNA or RNA duplex is very
similar, suggesting that the binding seems is nonspecific for base pairing status.
3.4.6 Affinity between RNA and p14 by NMR titration
NMR binding isotherms were plotted as the chemical shift changes Δδ of the backbone amide
HN, NN as a function of total ligand concentration [RNA]T. After extracting values for Δδmax and
KD from the fit to the hyperbolic equation 3.2, the predicted isotherms were plotted and
superimposed on the experimental data as shown in figure 3.7 for residues Y22 and N81. Double
reciprocal (Benesi-Hildebrand) and x-reciprocal (Scatchard) plots were generated by using the
predicted Δδ for seven data points using the model with the Δδmax and KD parameters obtained
for each isotherm (figure 3.8).
The apparent KD values for the interaction of p14 with U2-BPS helix as determined by best fit of
the hyperbolic equation 3.2 for three of the most perturbed residues upon interaction are shown
in table 3.3. The dissociation constants determined by this method showed that BPS helix
containing  with and without adenosine in the branch site (ψBP and ψBPΔA respectively) had
very similar affinity (Average KD 147.2 ± 40.8 and 159 ± 3.5 µM respectively). However, the
overall magnitude of chemical shift perturbations was larger for BP than for BPΔA, which we
speculate is related to the highly negative surface potential of BP in the major groove (Xu et al.
2005). Interestingly the KD determined from the isotherm of Y22, the aromatic residue located in
the RNP2 of p14 and proposed as the interacting residue with the branch site adenosine in
previous crystallographic studies (Schellenberg et al 2006 and 2011) shows a lower affinity for
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ψBP than for ψBPΔA (64.7 ± 8.9 μM vs. 27.4 ± 10.0 μM, respectively). This might be indicating
a significant change in the local chemical environment surrounding Y22 in the absence of an
extrahelical branch site A.

Figure 3.7 Top: Insets of perturbed residues as monitored by [1H-15N]-HSQC for the p14-BP
interaction. Bottom: NMR binding isotherms for two of the most perturbed residues obtained by
titration of U-[15N] p14 with RNA duplex. Changes in the chemical shifts of the backbone
amides HN-NN in the protein were monitored by [1H-15N]-HSQC during addition of RNA duplex.
Changes were calculated by equation 3.1. Curve calculated from the Δδmax and KD obtained by
non-linear fitting to equation 3.2.
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Figure 3.8 Scatchard plots (Left) and Benesi-Hildebrand plots (right) for two perturbed residues
of p14 upon titration with BP (Red) or BPΔA (Green). Linearity of each of these plots fully
supports correctness of the binding isotherms and accuracy of the model used.

Table 3.4 Dissociation constants for the interaction of p14 with RNA helix as determined by best
fit of the hyperbolic equation 3.2. Changes in the chemical shifts of the backbone amides HN-NN
in the protein were monitored by [1H-15N]-HSQC during addition of RNA duplex and calculated
by equation 3.1.
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3.4.7 Effect of complexation of SF3b155 with p14 on the interaction with RNA
The p14 protein is one of the seven subunits of the multimeric U2-snRNP splicing factor SF3b.
Another subunit of the SF3b is the SF3b155, thought to stabilize U2-branch site base pairing
during assembly of spliceosome (Gozani et al. 1998, Das et al. 1999, McPheeters and
Muhlenkamp 2003). The human SF3b155 protein contains 1304 residues and is composed of
TPGH repeats (TPGH) and 22 tandem protein phosphatase 2A-like HEAT repeats (HEAT) in the
C-terminus. It has been shown that the N-terminal domain of SF3b155 interacts strongly with
p14, with a minimal interacting peptide mapped in the amino acid 402-415 region (Will et al.
2001, Cass and Berglund 2006, Spadaccini et al. 2006, Schellenberg et al. 2006, Kuwasako et al.
2008). To examine the impact of this fragment on the interaction of p14 with RNA, we acquire
spectra of the p14 in the absence and presence of a SF3b155(378-420) peptide. Upon addition of
the SF3b155(378-420) fragment to U-[15N] p14 and to the p14-ψBP complex, the spectral
distribution was almost identical in both spectra. In the presence of this fragment, the spectrum
of p14 displays a large number of perturbed cross-peaks (more than 50% of the signals) as shown
in figure 3.9 C, consistent with spectral changes observed by Spadaccini et al. (2006) and with
the strong shift observed in the non-denaturing PAGE for the protein-peptide interaction by
EMSA analysis (fig. 2.6). This also implies the strong protein-peptide interaction is affecting the
conformational state of the free protein and/or the local chemical environment of numerous
residues.
The [1H-15N]-HSQC spectrum obtained for the p14/SF3b155 fragment complex interacting with
BP exhibited fewer perturbed residues than p14 upon addition of BP (no SF3b155) (Fig 3.9 B
and D). The observed perturbed residues (Y22, I23, N81, and V89) were a subset of those
observed in the p14-BP alone. These four residues were all located in RNP2 or the beta hairpin
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(lower left of Fig. 3.4); residues of p14 (alone) shifted upon binding to RNA includes those in
the 2 alpha helix (upper left) and loop between 2 and 3 (lower right). A full p14-RNA NMR
titration in the presence of this SF3b155 fragment was not performed; however, we estimated
that the KD for the interaction of the p14/SF3b155 fragment complex with RNA duplex for the
Y22 and N81 residues by assuming that the maximum change in chemical shift Δmax is the same
in the absence or presence of the SF3b155 fragment. This was a reasonable assumption because
all other spectral properties of these cross peaks (location, intensity, and direction of change
upon adding RNA) were identical with or without the addition of the SF3b155 fragment. The
estimated KD in the presence of the SF3b155 fragment for the Y22 and N81 residues was 41.1
and 41.7 M respectively, indicative of somewhat greater affinity than in the absence of the
SF3b155 fragment, in spite of interacting with (or otherwise perturbing) fewer protein residues.
These results suggest that the RNA only interacts in a defined small region and does not change
the overall conformation of the p14-SF3b155 fragment. NMR titration experiments with RNA
for p14-SF3b155(282-424) by the Sattler and Lührmann groups found the residues located at
RNP1 and RNP2 motifs are perturbed upon interaction of p14 with SF3b155(282-424) but
remained almost unperturbed upon interaction with RNA, suggesting an absence of binding of
RNA to the RNPs in the two-protein complex (Spadaccini et al. 2006).
The x-ray-derived structure showed the minimal fragment of SF3b155 binding in the central
RNA recognition motif in the 3 strand of p14 in agreement with the NMR-derived structure of
p14 binding of SF3b155 occludes the RNA-binding site (Schellenberg et al. 2006, Kuwasako et
al. 2008). This NMR study also reported that the aromatic residues located in the RNP2 and
RNP1 (Y22 and Y61 respectively) expected to interact with RNA as most canonical RRMs, did
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not show any significant perturbation for the p14(16-102)/ SF3b155(379-423) complex in the
presence of RNA (Kuwasako et al. 2008). Our results indicate that the cross-peak corresponding
to Y22 is still perturbed in the presence of the SF3b155 fragment i.e. part of the RNP2 is still
able to interact with RNA.

Figure 3.9 Two-dimensional contour plot of the [1H-15N]-HSQC spectra of A: U-[15N] p14; B:
U-[15N] p14 (Blue) and U-[15N] p14+ψBP (red) C: U-[15N] p14 (Blue) and U-[15N]
p14+unlabeled SF3b155(378-420) (Green); D: U-[15N] p14+unlabeled SF3b155(378-420)
(Green) and U-[15N] p14+unlabeled SF3b155(378-420)+ψBP (Red). Samples: 50µM in 90%
(20mM NaPi pH 6.5, 100mM NaCl, 1mM DTT) 10% D2O. Most of the cross-peaks of p14 are
perturbed in the presence of the SF3b155(378-420) fragment (C) however only a subset of the
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cross-peaks perturbed in the presence of RNA duplex were perturbed when the fragment is
present (D).

3.5 Discussion
Our NMR results reported here indicate that a region in the RNP2 of the protein is available for
RNA interaction along with other sites located mainly in one side of the molecule. That region is
able to interact either with ss RNA of different sizes or with a duplex representing the intron’s
branch site region paired with a U2 snRNA branch site interacting region containing a conserved
. These findings are consistent with a non-specific interaction with nucleic acids. However, a
large conformational change does not occur upon interaction, as only a small fraction of the
cross-peaks were perturbed.
The affinity for this interaction(s) as measured by the dissociation constants determined by NMR
titrations were fairly low and consistent with those estimated by EMSA assays. The mean KD
value for a complementary duplex without the branch site A (ψBPΔA) was very similar to the
mean KD for the ψBP duplex, indicating no overall difference for the branch site construct with
or without the bulged branch site A and evidences the non-specific nature of the interaction.
However the apparent KD for Y22, the residue in RNP2 considered important in recognition of
the branch site A in the x-ray and UV-cross-linking studies (Schellenberg et al. 2006, 2011), is
greater for the interaction with ψBP than for the interaction with ψBPΔA i.e “binds tighter” to
the last one. This observation suggests that there is a more significant change in the local
chemical environment surrounding Y22 in the absence of an extrahelical branch site A, but not
evidence of specific recognition.
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Buffer conditions containing polyionic amino acids (Arg and Glu) tried to increase solubility for
the protein-RNA complex resulted in destabilization of the interaction in the RNP2. This
complex destabilization by the presence of charged amino acids might be indicating the proteinRNA interaction is being governed mainly by electrostatic interactions. The only residue
perturbed at this condition, the N81 residue, is located in the -hairpin (between 2/4). Previous
NMR studies reported this -hairpin as important for recognition based on the perturbations
observed (Spadaccini et al. 2006) and along with the loop between 1/1 formed a positively
charged groove important for RNA binding (Kuwasako et al. 2008). Loops and -hairpins have
been shown to play important roles in the non-canonical RNA recognition by RRMs. Examples
include the TcUBP1 and the alternative splicing factor Fox-1. Thus the observed perturbation in
only one residue of the-hairpin, at this condition might be a reflection of its importance in
RNA binding.
In the presence of a small fragment representing the p14-binding region of SF3b155 (aa 378420), more than 50% of the cross-peaks in the [1H-15N]-HSQC spectrum of p14 were strongly
perturbed, indicating a strong binding and extensive contacts in this protein-protein interaction.
The N-terminal domain of SF3b155 has been shown to bind U2AF65 (a factor that binds the
poly-pyrimidine tract) and p14 but the binding sites are distinct from one another (Cass and
Berglund 2006). X-ray and NMR derived structures showed that such small fragment occluded
the canonical RNA recognizing regions RNP1 and RNP2; therefore the RNA binding site might
be in a different location (Schellenberg et al. 2006, Spadaccini et al. 2006). Our results showed
that in the presence of this fragment the perturbed residues upon interaction with BP (Y22, I23,
N81, and V89) are only a subset of the cross-peaks perturbed in the p14-RNA alone affecting
again mainly the residues in the RNP2 and -hairpin and located on one side of the molecule.
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4. DISCUSSION AND CONCLUSIONS
Because of the complexity of detail associated with assembly of the eukaryotic spliceosome, it is
important to understand the role of molecular recognition in individual steps. A deeper
understanding of intermolecular recognition involving the branch-site region is important for
developing a more complete model of the catalytic center of the splicing machinery. There is still
no high resolution structure of the SF3b complex to the branch site RNA duplex; however, the
studies reported here, in the context of previous results from different laboratories, contribute to
a more complete picture of the structural features of this system and their implications in branch
site region recognition and splicing.

4.1 Probing of p14-RNA interaction by horizontal non-denaturing PAGE (EMSA)
Interaction of the U2 snRNP protein p14 with the bulged RNA branch site duplex was studied
using horizontal native PAGE with wells placed in the middle to monitor migration of negatively
and positively charged species in an electric field simultaneously. Sequential staining with
fluorescent intercalating dyes and Coomassie Blue permitted visualization of RNA and proteins,
respectively. This procedure was developed for this project (Perea et al. 2016). The results of the
EMSA experiments suggest that p14 binds a U2-BPS duplex containing  at the conserved
location of U2 snRNA (ψBP) under non-denaturing conditions. However, its interaction was
nonspecific, as a single-stranded oligomer representing U2 snRNA, a single strand intron
oligomer containing the branch site A, a duplex RNA containing  without the bulged adenosine
(ψBPΔA), and even a double stranded DNA of a completely different sequence bound to p14
with fairly low affinity under these experimental conditions.
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EMSA experiments also showed that p14 binds a minimal portion of SF3b155, the p14 binding
partner in the heteromeric splicing factor SF3b, with high affinity (KD determined by ITC ~9 nM;
Spadaccini et al. 2006). Affinity of p14 for the RNA duplex appeared to decrease markedly when
bound to the fragment of SF3b155. The small SF3b155 fragment used was a 43 residues epitope
in the N-terminal region of SF3b155 showed by other researchers to be the minimal binding
region for p14 (Spadaccini et al. 2006, Cass and Berglund 2006, Schellenberg et al. 2006 and
2011, and Kuwasako et al. 2008). This SF3b155 protein, particularly its N-terminal region
(which does not overlap with the p14 binding region; Cass and Berglund 2006, Spadaccini et al
2006) is also known to interact with the RRM3 of another U2 snRNP protein, U2AF65. The lack
of significant shifts in the migration of the p14/SF3b155 fragment in the presence of RNA
supports the thesis by others that the canonical binding region of p14 is blocked by the SF3b155
fragment. However, it is in contrast with an increased cross-linking efficiency observed in the
presence of a large SF3b155, probably because the minimal 43 residues used in our studies lacks
important regions that cross-link both 5 and 3 of the branch sequence (Gozani et al. 1998, Cass
and Berglund 2006, Spadaccini et al. 2006). Another explanation for the lack of binding of RNA
to p14 in complex with the fragment of SF3b155 could be that phenomena inherent to the
method, including friction, reptation and opposing electrical forces, destabilize formation of
weak ternary complexes.
The EMSA technique described here using native polyacrylamide gels to probe protein-RNA
interaction between anodic and cathodic species at relatively low concentrations (10-30 M)
support the feasibility of probing low-affinity interactions without radiolabeling any of the
species for detection. We were able to observe this interactions at 30 M, in contrast to previous
reports showing interaction only when p14 or p14/SF3b155 complexes were in high
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concentration of proteins (100 M) using radiolabeled RNA (Spadaccini et al. 2006). Thus, the
simple EMSA methodology described here for the protein-RNA interaction characterization can
be of general utility.

4.2 Mode of Recognition of RNA by p14 using NMR Spectroscopy
The human protein p14 is classified as a canonical RRM protein based on its amino acid
sequence. The RNA Recognition Motif is composed of approximate 90 amino-acids adopting a
 topology. The most common binding surface of RRMs is the four-stranded sheet. Usually the interaction involves three or four nucleotides of single-stranded RNA by
stacking on aromatic residues on the RNP1 and RNP2 domains, and forming electrostatic
interactions and hydrogen bonds with residues neighboring the region of interaction(s). Although
p14 is an RRM, its mode of interaction with the U2-BPS helix indicates is noncanonical, as the
recognition of the branch site involves interaction with paired RNA involving U2 and the
intron’s branch site region prior to interaction with p14 and persisting through the A, B and C
complexes, i.e. through the first cleavage step (MacMillan et al. 1994, Query et al. 1994, Will et
al. 2001). In this study, chemical shift perturbations observed for p14 upon interaction with the
BPS helix ψBP confirm the atypical site of interaction, as the most perturbed residues are located
at the N-terminus (V17), 1, RNP2 (Y22 and I23), the loop between 2-3 (G51, T56 and G58),
at 2 (C74), the -hairpin between 2-4 (N81), at 4 (V89) and at the C-terminus (F98).
Noncanonical interactions have been observed for numerous RRM proteins. One of these
noncanonical interactions is through an extension of the -sheet surface either by the presence of
a fifth -strand that is antiparallel to 2 (Oberstrass et al. 2005) or by juxtaposing two
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consecutive RRMs and creating a continuous surface that can accommodate more nucleotides of
the RNA target (Deo et al. 1999). The NMR studies reported by Sattler and Lührmann groups
(Spadaccini et al. 2006), along with the NMR structure reported by Yokoyama and coworkers
(Kuwasako et al. 2008) for a p14/SF3b155 fragment, depicted a β-hairpin between 2-4 that
was not observed in the crystallographic studies by MacMillan and coworkers (Schellenberg et
al. 2006 and 2011), the involvement of which was implied in the interaction between a
p14/SF3b155 fragment complex and RNA. NMR results from Chapter 3 show that a particular
residue in this β-hairpin, N81, is perturbed strongly in the p14-RNA interaction and persists as
the only residue affected in the interaction when the buffer conditions were changed to include
very high concentrations of NaCl (300 mM), glutamate and arginine (both 50 mM) to improve
the solubility of the p14/RNA complex. The β-hairpin has been implicated in RNA binding in
other RRMs that interact in a noncanonical mode, e.g. TcUBP1 and the alternative splicing
factor Fox-1, or by interacting with ssDNA, as in hnRNP D, or with other proteins, as in eIF3b,
HuD and Sxl (reviewed in Clery et al. 2008). Thus it appears that the p14-RNA interaction
involving RNP2 is disrupted at high salt and/or polyionic concentration.
Although X-ray studies have implied a specific interaction of p14/SF3b155 fragment complex
with adenine for a crystal of p14/SF3b155 soaked in adenine (Schellenberg et al., 2011), such
interaction was not observed in our NMR chemical shift perturbation studies, in which we added
adenine or adenosine monophosphate as a mimic of the branch site adenosine. The lack of
backbone perturbations in any of the residues, particularly in the 3, the RNP1, under such
conditions indicates that the suggested recognition of adenosine within a pocket on the p14
surface and stabilized by hydrogen bonding with Y61 was an artifact of the crystal and did not
represent a true recognition of the branch site by p14.
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Previous structural studies have focused on the characterization of the protein-RNA interaction
in the presence of a minimal SF3b155 fragment based on the fact that this is a natural binding
partner in the heteromeric SF3b splicing factor (Will et al 2001, Spadaccini et al 2006,
Schellenberg et al. 2006, 2011) and the observation that free p14 was unstable and with low
solubility (Kuwasako et al. 2008). Here we have shown that there is a fairly weak but detectable
interaction between p14 and the RNA duplex representing the U2snRNA complex with the
branch site region in the absence (mean KD=147 M) and presence (KD=41 M approx.) of the
SF3b155(378-420) fragment. The residues that are perturbed upon interaction with RNA in the
presence of SF3b155 (Y22, I23, N81 and V89), are a subset of the residues perturbed in the
absence of such fragment and are located mostly in one side of the molecule. Our NMR studies
imply that the RNA duplex interact with the RNP2 and possibly the -loop of the protein with or
without SF3b155.
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Figure 4.1 A: Surface electrostatic potential map of branch site helix. B: Surface electrostatic
potential map of p14 complex with SF3b155 fragment showing perturbed residues in yellow
(Figure contributed by Marcia O. Fenley, Florida State University). Green: most positive
potential; blue: positive; red: negative potential; white: neutral. The canonical RNA binding site,
RNP1 and RNP2, is strongly electropositive. However, RNP1 is occluded by the SF3b155
fragment. Electropositive regions on the β-loop, β4 and RNP2 were the most perturbed regions
upon interaction with RNA. Potential maps calculated on the PDB 1LPW (branch site helix,
Adapted from Xu et al. 2005) and 2F9D (p14-SF3b155 complex).

4.3 Proposed Model
Recognition of the bulged duplex representing the branch site region by p14 alone is important
as it is possible that this event occurs early in the complex A, were positioning is done by
interaction of other regions with SF3b155 and merely “positioned” against p14 as a “spacer”.
The overall surface electrostatic potential of the p14 RRM is positively charged. X-ray studies
of p14/SF3b155 fragment has shown the surface electrostatic potential surrounding Y22, the
proposed interacting residue in RNP2, is a basic pocket surrounded by the side chains of the
basic amino acids R24, R57, R96, and K100 (Schellenberg 2006). Likewise, the surface
electrostatic potential for the NMR-derived structure of p14/SF3b155 fragment shows positively
charged residues in the groove formed by the 1-1 loop and the 2-4 β-hairpin. This positively
charged groove was identified as an RNA-binding site based on the large chemical shift changes
observed upon interaction with a ssRNA representing the branch site region (Kuwasako et al.
2008). Moreover, the RNA interaction required the aromatic residue Y28 (in the 1-1loop) and
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the positively charged residue R85 (in the 2-4 β-hairpin) indicating that electrostatic and nonelectrostatic interactions govern the RNA binding activity. On the other hand, the surface and
electrostatic potentials calculated for the RNA helix representing the U2 snRNA-intron premRNA duplex showed a significant negative electrostatic potential in the major groove, localized
around the 2-OH of the branch site adenosine (Xu et al. 2005, Fig. 4.1 A).
RNA representing the spliceosomal branch site binds human p14 within RNP2 and the -hairpin.
However, binding was observed for a wide range of RNA constructs, including single- and
double-stranded oligomers, and even a DNA duplex of a completely different sequence, nor was
there binding of a single adenine or adenosine monophosphate. Therefore, there is no evidence
that the protein distinguishes between a duplex with or without a branch site A or its neighboring
A, nor is there any apparent difference if it is the U2 strand only, intron strand only, or even a
double-stranded DNA of a completely different sequence. The only feature all polymers
evaluated had in common was that they were nucleic acids and had a negatively charged
backbone. We believe (based on the electrostatic evaluation of the protein and RNA) that it is
the negative backbone the recognized region.
A multiple sequence alignment of the p14-binding domain (aa 396-424) of putative SF3b155
orthologues shows the region is highly conserved. The only organism that lacks this conserved
region is S. cerevisiae (Cass and Berglung 2006). Another feature is that no orthologue for p14
has been observed in the yeast S. cerevisiae. After comparing by alignment using the
computational tool COBALT (Papadopoulos and Agarwala 2007), the aligned sequences show
that the region of yeast SF3b155 that corresponds to the p14-interacting region of human
SF3b155 is cationic at physiological pH (pI 9.5). This contrasts with the anionic region of its
human counterpart (pI 4.2).
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The current model of interactions at the branch site include an early binding of the SF1 protein to
the BPS and binding of the U2 auxiliary factor (U2AF) to the polypyrimidine tract. Upon
integration of the U2snRNP, the U2 snRNA base pairs with the pre-mRNA’s BPS in an ATPdependent manner (Reviewed in Will and Lührmann 2011). This base-pairing is stabilized by the
heteromeric splicing factors SF3a and SF3b (Gozani et al. 1996) and the arginine-serine-rich
domain of the subunit U2AF65 (Valcarcel et al. 1996). This interaction replaces the SF1 from
the BPS by p14 which interacts directly with the BPS adenosine (Will et al. 2001). Another
subunit, SF3b155, interacts simultaneously with the RRM3 of U2AF65 through its N-terminal
domain (Gozani 1998, Cass and Berglund 2006), and with p14 (Will et al. 2001, Cass and
Berglund 2006). The SF3b155 factor also interacts with the pre-mRNA at the 5 and 3 of the
BPS but not at directly with the BPS (Gozani 1998, Will et al 2001). These interactions must be
disrupted for splicing reactions to occur as has been observed that SF3a and SF3b factors are
displaced from the branch-point prior to the first reaction and the rearrangements are catalyzed
by the Prp2p protein in an ATP-dependent manner (Warkocki et al 2009, Lardelli et al. 2010). In
summary, the interactions include an initial sequestration of the important 2-OH into inactive
conformation to be released in a timing manner for reaction when all components are properly
arranged and sequences have been proof-read.
Based on our observations and the current model of molecular interactions at the branch site, we
propose the biological role of human p14 is an electrostatic spacer to screen like charges between
a negative part of SF3b155 and the highly electronegative branch site. This implies the function
of p14 in the human spliceosome is to protect branch site from premature chemical activity prior
the formation of the spliceosome’s active site and release of the SF3a and SF3b complexes
(Perea et al. 2016).
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Figure 4.2 Model of interaction between the spliceosomal pre-mRNA branch site and U2 snRNP
protein p14. The protein factor p14 (in blue) serve as an electrostatic spacer between a negative
part of SF3b155 (in green) and the highly electronegative branch site [duplex formed between
intron (in black) and branch site interacting region of U2snRNA (in orange)]. (Adapted from
Wahl et al. 2009).

4.4 Future directions
The proposed function of the human p14 as an electrostatic spacer and cofactor of the SF3b155
could be tested by taking advantage of individual features of the spliceosomes of the two most
commonly

studied

single

cell

eukaryotic

models,

Saccharomyces

cerevisiae

and

Schizosaccharomyces pombe. While S. pombe contains a p14 orthologue, which is very similar
to that of the human p14 in sequence, such an orthologue is absent in S. cerevisiae. One could
generate a mutant of S. pombe by knocking out p14 to test its viability. One could then substitute
the p14-interacting region of S. pombe SF3b155 with the corresponding region of S. cerevisiae
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SF3b155, which is cationic, and again assay for viability. In another approach, the region of S.
cerevisiae SF3b155 (81-108) that corresponds to the p14-interacting region of S. pombe
SF3b155 could be knock-out and test the effect of this mutation on the viability. The anionic
p14-interacting region of S. pombe SF3b155 could then be introduced and its viability tested. As
a final test, the gene encoding the full S. pombe p14 could be cloned into the mutant of S.
cerevisiae from which the cationic region of SF3b155 had been replaced by an anionic sequence,
followed by testing for rescue of interaction(s) and/or viability.
These experiments require a reliable reporter for viability. One powerful reporter tool to test
these interactions in vivo is the yeast two-hybrid screening method (Fields and Song 1989). The
method has been used previously to map the protein-binding interface between SF3b155 and p14
of Trypanosoma cruzi in combination of alanine scan analysis (Lara-Avila et al. 2007). In this
method a target protein (“bait”, e.g p14) and the binding partner protein (“prey”, e.g SF3b155)
are engineered containing a DNA binding domain and an activation domain respectively for the
transcriptional activator of a reporter gene. If the target protein is capable to interact with the
prey protein, they form a dimer that binds the transcriptional activator, which signals the start of
transcription of a reporter gene. If they fail to interact with each other, they do not create the
dimer, and the reporter protein is not produced.
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